VOLUME 108 


September 1946 


NUMBER 1 


ACTION SPECTRUM FOR THE PHOTOPERIODIC CONTROL OF 
FLORAL INITIATION OF SHORT-DAY PLANTS 


M. W. PARKER,’ S. B. HENDRICKS,” H. A. BORTHWICK,? AND N. J. SCULLY# 


Introduction 

It has been shown that floral initiation 
in short-day plants can be prevented by 
brief periods of illumination applied near 
the middle of the dark period (15). The 
interruption, depending upon the light 
intensity, need not be more than a few 
seconds. A study of the effectiveness of 
different wave lengths of light on this 
reaction has been made, and curves 
relating wave-length to effectiveness, 
which may be referred to as the action 
spectrum, have been constructed. Only 
by means of quantitative data which can 
be expressed in the form of an action 
spectrum curve can information be ob- 
tained as to the fundamental nature of 
the photoreactions that are responsible 
for the photoperiodic responses of plants. 
Many investigators, all using filtered 
radiation, have studied the influence of 
various regions of the spectrum on this 
reaction, but none has made quantitative 
determinations of the relative effective- 
ness of the different wave-length bands. 

Four conditions were established in ex- 
periments for determining the action 
spectrum. First, use was made of the in- 
hibiting action on floral induction of 
brief periods of irradiation applied at or 
near the middle of the dark period. 
Second, the radiation applied at these 
times consisted of relatively narrow 
wave-length bands of high spectral pu- 
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rity. Third, the source of radiant energy 
for these dark-period interruptions was 
of high intensity in all regions of the vis- 
ible spectrum. Fourth, the biological re- 
sponse investigated was restricted to 
floral initiation. 


Review of literature 


Razumov (16), working with both 
long-day and short-day plants, con- 
cluded that radiation from the red and 
yellow parts of the spectrum, when used 
to extend short natural photoperiods, 
was equivalent to daylight in its effect on 
the photoperiodic reaction, whereas 
green, blue, or violet radiation was 
equivalent to darkness. Both KATUNSKIJ 
(10) and KLESHNIN (11), on the con- 
trary, found that the photoperiodic re- 
action could be influenced by radiation 
from any part of the visible spectrum 
but that the intensities required differed 
from one region to another. KATUNSKIJ 
reported that red was most effective, 
with yellow-orange a close second and 
blue third in effectiveness. He found 
green to be the least effective region and 
noted that there was a close similarity 
betwéen photoperiodism and photosyn- 
thesis in their dependency on the spectral 
composition of light. KLESHNIN called 
special attention to the fact that it was 
necessary to use low intensities of radia- 
tion if differences in effectiveness of dif- 
ferent spectral regions were to be dis- 
tinguished, and he suggested that failure 
of some workers to consider this fact 
probably accounted in part for contradic- 
tory conclusions. 
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WitHROW and BENEDICT (18) investi- 
gated the effects of several different wave- 
length bands and found that orange and 
red resulted in earliest blooming and 
greatest number of flowers with pansy, 
stock, and aster. Blue, green, and yellow 
radiation had little effect on pansy and 
stock, but with aster all wave-length 
bands were effective in hastening flower- 
ing. WITHROW and BIEBEL (19) extended 
these investigations to include short-day 
plants and found that the red wave- 
length band, which was most effective in 
promoting flowering of long-day plants, 
was likewise most effective in preventing 
flowering of short-day plants. WITHROW 
and WirHrow (20) carried out further 
work with red radiation and studied the 
effects of blue light in greater detail. 
They were aware that small energies of 
red radiation were sufficient to produce 
the effects observed and were not certain 
that in previous experiements these 
levels had not been exceeded by extrane- 
ous unfiltered light. Their results showed 
almost no effect of blue radiation and 
confirmed previous observations as to the 
effectiveness of the red region. They con- 
cluded that the leaf pigment controlling 
the photoperiodic response of all plants 
with which they worked absorbs strong- 
ly in the red, less so in the yellow-green, 
and least in the blue regions of the 
spectrum. 

Several experimental conditions could 
have contributed to the diverse results 
obtained with blue radiation. First, these 
studies were made with filtered radiation, 
and the filters used by the different work- 
ers were not identical. In most cases they 
transmitted very wide wave bands, and 
some authors appear to have attached 
insufficient importance to the weak 
transmission that may have occurred in 
wave bands outside the principal region 
of transmission. Second, most workers 


[SEPTEMBER 


failed to employ energy levels near the 
threshold required in the different wave 
bands to produce the photoperiodic ef- 
fect. The energy in the red was frequent- 
ly higher than necessary and in the blue 
was too low to produce an effect. Third, 


the biological response measured could - 


have been more sharply defined in many 
cases. Basically, all workers were con- 
cerned primarily with the spectral con- 
ditions that permitted transition of the 
plants from a purely vegetative develop- 
ment to a reproductive one. The effec- 
tiveness of a given treatment was in near- 
ly all cases judged by the ultimate forma- 
tion or lack of formation of macroscopic 
flower buds or open flowers. This pro- 
cedure required that experimental treat- 
ments be of several weeks’ duration. It 
assumed that the plants had not initiated 
flower primordia before the treatments 
were applied and further assumed that 
the effectiveness of a given treatment in 
causing floral initiation was similar to its 
effectiveness in promoting the subse- 
quent growth and development of these 
flower primordia into macroscopic buds 
and flowers. This assumption is not valid 
in the case of soybean, and probably 
many other plants would have similar be- 
havior. Soybean plants with established 
flower primordia can be given photo- 
periods that will prevent their develop- 
ment into flowers or fruit. 


Biological material and experi- 
mental procedures 


The short-day plants usea in this in- 
vestigation were soybean, Soja max (L.) 
Piper var. Biloxi, and cocklebur, Xan- 
thium saccharatum Wallr. The plants 
were grown in soil in 33- or 4-inch pots in 
the greenhouse and were produced in 
sufficient number so that very uniform 
populations could be selected for each 
experiment. 
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All experiments with Biloxi soybean 
by this project for the past several years 
have been conducted with seed derived 
from the same original source, new crops 
of which have been produced from year 
to year. This strain produces very uni- 
form plants and contains no types that 
vary significantly from the rest in their 
photoperiodic behavior. Most of the 
cocklebur seed was obtained along a road 
near the grounds of the Bureau of Plant 
Industry Station. For preliminary ex- 
periments, however, seed was obtained 
through the courtesy of Dr. E. J. Kraus 
from the source used by HAMNER and 
BONNER (7) and referred to by them as X. 
pennsylvanicum. The photoperiodic re- 
sponses of the plants from the two 
sources were identical, and both were de- 
termined by Dr. S. F. BLAKE as X. sac- 
charatum Wallr. 

Because of the limited amount of leaf 
area that could be irradiated with the 
spectrograph, it was necessary to reduce 
the leaf surface by defoliation as much 
as was possible without interference with 
the capability of the plant to respond to 
photoperiodic treatment. With soybean 
all expanded foliar organs except the 
terminal leaflets of the third compound 
leaf were detached. It had been found in 
earlier studies (3) that initiation of flower 
primordia by plants defoliated in this 
way was not impaired. With cocklebur 
all leaves but the most recently fully ex- 
panded one on each plant were removed. 
The leaf irradiated was usually located 
at the sixth or seventh node. 

For all experiments the plants were 
grown under conditions of long photo- 
period until they were ready for treat- 
ment. These photoperiods consisted 
of all the natural light available at the 
season the plants were growing plus ap- 
proximately 40 foot-candles of incan- 
descent-filament radiation from sundown 


to 2:00 A.M. The photoperiods thus ex- 
ceeded 18 hours in the winter and 20 
or more hours in the summer. This pro- 
cedure has always been found to prevent 
floral initiation of Biloxi soybean and 
cocklebur, as determined by dissections 
made of representative plants at the time 
of the experiments. The experimental 
lots of plants were selected and moved 
from the greenhouse into the controlled- 
environment rooms described by PARKER 
(14). Here the soybeans were subjected 
6 days, and the cocklebur 3 days, to 
short photoperiods using the methods de- 
scribed in detail below. During these ex- 
perimental periods the plants differ- 
entiated a few new structures and made 
a small amount of growth but not enough 
to permit final determination of the ef- 
fects of the treatment, so it was neces- 
sary to allow a few more days for their 
further development before the stem 
terminals were dissected. During this 
period the plants were again held in the 
greenhouse on long days. Dissections 
were made of all soybeans 14 days, and 
of all cockleburs 10 days, after the be- 
ginning of the experimental treatment. 
Use of the growth chambers assured 
constant growing conditions during the 
experimental periods. Light intensities in 
the greenhouse both before and after the 
experimental treatments were subject to 
natural fluctuations, but, in general, 
these differences were not found to inter- 
fere with the results except during 


periods of unusually dark weather. At 


such times the plants were held on long 
photoperiods in the growth chambers for 
a few days prior to and following treat- 
ment. 

During the experimental period the 
soybeans received 1o-hour, and the 
cockleburs 12-hour, photoperiods of car- 
bon-arc plus incandescent-filament radia- 
tion having a combined intensity at the 
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leaf surface of about 2000 foot-candles. 
Treatment of soybean and cocklebur in 
these growth chambers with the respec- 
tive lengths and numbers of photoperiods 
indicated above invariably resulted in 
the production of flower primordia if the 
dark periods were uninterrupted. Floral 
initiation could be completely inhibited, 
however, if the dark periods were inter- 
rupted near the middle by brief periods 
of illumination of sufficient energy. It 
was thus possible through the applica- 
tion of a range of levels of energy in the 
form of dark-period interruptions to de- 
termine the threshold amount of energy 
that would just prevent flowering. These 
interruptions were made with filtered or 
white light in the reciprocity experiments 
and with relatively narrow wave-length 
bands of light from the spectrograph in 
all the action spectrum experiments. The 
energy levels required were such that, 
with the light intensities available, the 
duration of interruption of the dark 
periods ranged from about 1 to 25 
minutes, except in a few experiments 
concerned primarily with the blue-violet 
end of the spectrum, in which interrup- 
tions as long as 40 minutes were neces- 
sary to inhibit floral initiation. In most 
experiments five different energy levels 
were used at each wave-length band 
tested. The sum of these five different 
periods of interruption was usually less 
than 1 hour, so that it was possible to 
complete all the interruptions in dupli- 
cate within a 2-hour period beginning 30 
minutes before and ending 90 minutes 
after the middle of the dark period. This 
procedure, repeated in a second growth 
chamber operating on a cycle 2 hours 
later than the first, increased the number 
of replications of the entire experiment 
to four. In an average experiment four- 
teen or more bands of the spectrum were 
investigated in quadruplicate at five en- 
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ergy levels. The total number of plants 
involved in such experiments was 280 or 
more, exclusive of the controls which re- 
ceived short-day treatments but no 
dark-period interruptions. The individu- 
al lots of plants were brought from the 
control rooms and with the aid of a blue- 
violet safe-light, described below, the 
leaflets were placed in their respective 
positions on a board located in the image 
plane of the spectrograph. 

The experimental results for soybean 
are expressed as total nodes at which 
flower primordia were formed and for 
cocklebur as total plants forming flower 
primordia. In soybean evidence for the 
effectiveness of a given treatment with 
short photoperiod is found in the produc- 
tion of flower primordia in the axil of the 
leaf situated several nodes below the 
terminal on the main axis (2). If the 
flower-forming stimulus is relatively 
weak, flower primordia may be formed 
only at this one node; but if the stimulus 
is stronger, they may be formed at one 
or more additional nodes above. The 
number of nodes on the main axis at 
which flower primordia occur is thus a 
semiquantitative measure of the effec- 
tiveness of the treatment. These values 
rather than the number of plants having 
flower buds are thus presented for soy- 
bean. Only when the stimulus is very 
strong and applied for a prolonged period 
does the terminal meristem give rise to a 
terminal inflorescence. In none of these 
experiments, however, was the treatment 
of sufficient intensity and duration to re- 
sult in such a response. 

In cocklebur, on the other hand, an 
effective treatment with short photo- 
period results in the initiation of a ter- 
minal inflorescence. The only obvious dif- 
ference in behavior of cocklebur plants 
that have received different intensities of 
photoperiodic stimulation is in rate of de- 
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velopment of the inflorescences. These 
differences can be expressed only by as- 
signing the plants to various categories 
on the basis of size of the terminal in- 
florescences. This is unsatisfactory be- 
cause of the possible influence of other 
factors on their rate of growth. For this 
reason the only record taken for cockle- 
bur was the presence or absence of a 
recognizable inflorescence primordium, 
regardless of size. 


Spectrograph methods and 
apparatus 


Experiments designed to give the ac- 
tion spectrum for photoperiodic response 
required use of radiation of high intensity 
in a restricted wave-length region over 
an area somewhat larger than a leaflet of 
soybean or leaf of cocklebur. The wave- 
length band over a particular leaf had to 
be as narrow as possible, consistent with 
supplying energy adequate to suppress 
floral initiation as a result of exposures of 
less than an hour even in the least ef- 
fective portions of the visible spectrum. 
This was achieved by means of the spec- 
trograph described in the following 
paragraphs. Other experiments, per- 
formed to test the validity of the pro- 
cedure used with the spectrograph, re- 
quired only incandescent-filament lamps 
with or without filters. 

The optical path in the spectrograph 
is shown in figure 1. Optical elements 
were a 25-cm. front-aluminized spherical 
concave mirror having a focal length of 2 
meters, and two equilateral 60° flint glass 
prisms, with 14-cm. faces and 16.3 cm. in 
height. The slit and the focal plane were 
at the respective foci of the spherical 
mirror, thus giving a convergent beam 
through the prisms. The convergence 
leads to a loss of resolving power and 
thereby of spectral purity, which, how- 
ever, is far within the limits required by 


the various experiments. The prisms 
were set at minimum deviation for the 
mercury green line. Light passing 
through the prisms was reflected from a 
front-aluminized flat mirror which was 
mounted so that it could be rotated 
about an axis in the mirror surface. Ro- 
tation was effected by means of a tan- 
gent screw on a 60-cm. arm. By turning 
the flat mirror, a given wave length of 
radiation could be brought to a specific 
position in the image plane of the 
spherical mirror. The image plane in 
most of the experiments was about 14 
meters from the spherical mirror, which 
was adjustable in position to provide for 
focusing at any given position. The in- 
strument and the light source, external 
views of which are given in figures 2A and 
2B, were housed in a light-tight room 
having a length of about 18 meters. 
Baffles were placed in the spectro- 
graph to trap scattered light. Scattered 
light within the spectrum in the focal 
plane of the spherical mirror was re- 
duced to an exceedingly low value, less 
than 0.1%, by the great distance from 
the last scattering surface, namely, that 
of the flat mirror. Constancy of light in- 
tensity throughout the course of an ex- 
periment was monitored with a light 
meter, having a barrier-layer type of 
photocell, placed in a portion of the 
spectrum from the edge of the first prism. 
The slit of the spectrograph was 1.2 
cm. high and could be adjusted to give 
widths as great as 1.5 cm. It essentially 
acted as a diaphragm on the projected 
image of the positive crater of the carbon 
arc which was used as a light source in 
most of the experiments. The carbon arc® 
was of the rotating cathode type using 
;*;-inch cored positive carbons. It could 
be operated at 12 kw. power input, and 
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after several minutes’ burning the light 
intensity at the monitor remained con- 
stant to within 3%. Under such opera- 
tion a carbon lasted about 1 hour, and, 
although the arc would operate without 
attention for periods of 10-20 minutes, 
it was checked much more frequently to 
avoid deviations in energy output. Pro- 
jection bulbs were used as light sources 
in some of the experiments with the red 
portion of the spectrum. 

An adjustable slit that could be 
placed in the image plane of the spherical 
mirror served to define the spectrum for 
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image plane was shortened by moving 
the spherical mirror toward the slit, 
thereby decreasing the dispersion, in 
order to double the energy incident 
on a leaf in a given time. The spec- 
trum for the greater image distance, 
which was generally used, measured 
about 2 meters over the visible region 
(4000-7000 A.) and had a height of 
about ro cm. 

Stations upon which leaflets were 
placed during irradiation were estab- 
lished on a board set in the image plane, 
as shown in figure 3A. The position of the 


ront surfaced 
lot mirror 


| 
Slit 2M focal length 
10" concave mirror 
front surfaced 


Fic. 1.—Diagram of optical path in spectrograph used for irradiation of plant leaves 


energy and wave-length calibration. The 
radiation passing this slit was focused on 
the receiver of a 10-junction thermopile, 
the response of which was calibrated with 
the aid of a standard lamp placed 6 
meters from the slit. Wave-length cali- 
bration was carried out with the spectro- 
graph slit illuminated by a low-pressure 
mercury arc. The spectrum position dur- 
ing the course of an experiment was 
checked against the absorption bands of 
a Didymium glass filter (Corning no. 
512). 

The dispersion of the spectrograph at 
5000 A. is 15 A. per cm. At this dispersion 
the radiant intensity at 5000 A. can be 
as great as 3000 ergs per sq. cm. per sec. 
for an effective slit width of 100 A. In 
some experiments the distance to the 


spectrum was fixed with reference to a 
particular station in a given experiment. 
In all experiments with wave-length 
bands below 5500 A.—i.e., in the violet, 
blue, and green—leaflets were placed flat 
on the board and thus normal to the inci- 
dent light beam (fig. 34). A single leaflet 
was restricted to 10 cm. of the spectrum 
and subtended about 50 A. at 4000 A. 
and 150 A. at 5000 A. At the highest in- 
tensities an individual station thus 
covered a spectral region approximately 
one and one-half times the effective slit 
width. 

In the region of the spectrum above 
5500 A. dispersion decreased to such an 
extent that a single leaflet placed flat 
would have subtended about 200 A. in 
the region of 6000 A. Since use of such a 
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wide band was objectionable, the leaflets 
for most experiments in this region were 
held on wedges at an angle of 30° to the 
light beam, as shown in figure 3B. The 
leaflets thus intercepted bands of only 
half the previous width or about 75 A. at 
5500 A. and 100 A. at 6000A. The purity 
of the spectrum in this region was in- 
creased by decreasing the slit width. The 
consequent reduction in energy was not 
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objectionable because lower energies in 
this region of the spectrum were still ef- 
fective. 

Another procedure in a few experi- 
ments consisted in use of a lens arrange- 
ment that spread a small wave band of 
the red over a large area in which leaflets 
could be placed normal to the beam. A 
lens of 20-cm. focal length was mounted 
behind a slit in the image plane of the 


Fic. 2.—Views of spectrograph. A, front view with panel removed, showing two 60° flint-glass prisms 
and front-aluminized flat mirror attached to tangent screw. B, side view, showing light beam after 
passing slit located in cone attached to front of arc lamp. 
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spectrograph upon which a portion of the 
red end of the spectrum was incident. 
The intensity at the surface of the leaflets 
was dependent upon their distance from 
the lens and could be so adjusted that 
the exposure times could be increased to 
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the same order as those in the blue. This 
arrangement also permitted direct com- 
parison of the effectiveness of radiation 
at the two ends of the spectrum with 
the leaves placed normal to the incident 
beam in both cases. 


Fic. 3.—Methods employed to hold leaflets in image plane. A, setup of soybean leaflets held flat in 
image plane. B, setup of soybean leaflets held on wedges at angle of 30° to light beam. This type of setup 
used in orange-red region of spectrum and flat type was used in blue-violet region. 
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Experimentation and results 


RECIPROCITY RELATIONSHIPS, OVERNIGHT 
THRESHOLD INTENSITIES, EFFECT OF 
LEAF POSITIONS, AND IRRADIATION AT 
VARIOUS TIMES AFTER THE START OF 
THE DARK PERIOD 


In experiments with the spectrograph 
different energies of irradiation for a 
particular wave-length region were given 
by varying time of exposure at constant 
intensity rather than by varying the in- 
tensity. With either time or intensity 
varying, it was necessary to test the reci- 
procity law, which states that the prod- 
uct of the duration and the intensity of 
light that will produce a certain effect is a 
constant. The validity of the spectro- 
graph procedure required that the in- 
hibiting effects on flowering caused by 
equal energies produced by such varia- 
tions be constant within reasonable 
limits; that is, the procedure required 
that the reciprocity law hold for the fac- 
tor of time and intensity over a range of 
approximately 1-60 minutes. 

The reciprocity law was tested with 
both soybeans and cockleburs. The 
plants in all cases were defoliated in the 
manner previously described for the 
spectrograph experiments. They also re- 
ceived the same photoperiodic treat- 
ment; that is, the soybeans received six 
cycles of 10 hours of light and 14 hours 
of dark, and the cockleburs, three cycles 
of 12 hours of light and 12 hours of dark. 
The dark-period interruptions were near 
the middle in each case. 


In any given experiment a single light 
source was used for the dark-period in- 
terruptions, and the desired intensities at 
the leaf surface were obtained by placing 
the plants at appropriate distances from 
it. The light source could have been any 
type that gave visible radiation in an ef- 
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fective region. In one experiment with 
Biloxi soybeans (table 1), an incan- 
descent-filament lamp was used with a 
no. 244 Corning H.R. Lantern-red filter 
of standard }-inch thickness. Three 
groups of seven lots of ten plants each 
were included in the experiment. These 
groups received dark-period interrup- 


TABLE 1 


BILOXI SOYBEAN RECIPROCITY EXPERIMENT IN 
WHICH INTENSITIES WERE ADJUSTED SO 
THAT SEVERAL DIFFERENT QUANTITIES OF 
ENERGY WERE EACH APPLIED IN THREE DIF- 
FERENT DURATIONS OF TREATMENT. RED 
LIGHT FROM A NO. 244 CORNING GLASS FILTER 
IN FRONT OF A 300-WATT INCANDESCENT- 
FILAMENT LAMP USED FOR DARK-PERIOD 
INTERRUPTIONS 


| | 


No. OF FLOWER PRIMORDIA 
FORMED ON TEN PLANTS FOLLOW- 
ING DIFFERENT DURATIONS OF 
RELATIVE * 
Lot No. DARK-PERIOD INTERRUPTION 
ENERGY 
2 min. | 6 min. 18 min. 
1.00 24 | 23 14 
1.67 16 | 8 14 
CR 2.34 6 | 4 6 
3.00 ° 4 
3.64 2 | I ° 
4.30 | ° ° 
| 5-00 | ° ° ° 
| | 


* Controls had thirty-two flower primordia on ten plants. 


tions of 2, 6, and 18 minutes, respective- 
ly. The seven lots of each group were sub- 
jected to intensities such that cor- 
responding lots of each group received 
the same total energies and successive 
lots within groups received progressively 
greater energies. The experiment in- 
cluded one lot of ten control plants which 
received no dark-period interruptions. 
With increasing energy in each group 
there was generally a decrease in number 
of flower primordia, the greatest changes 
occurring between the first andsecond and 


the second and third levels, but floral ini- 
tiation in corresponding lots of the three 
groups was about the same at correspond- 
ing energy levels. Thisindicates that, with- 
in the limits of time and intensity tested in 
this experiment, the reciprocity law held 
as closely as could be expected from the 
type of measurements performed with 
such biological material. 

Reciprocity experiments on Biloxi soy- 
beans similar to the above were also car- 
ried out with filtered radiation from a 
600-watt G.E., a.c. Uviarc. The radiation 
was chiefly restricted to the mercury 
lines at 5461, 4358, and 4047 A. Energies 
required to suppress initiation of flower 
primordia were equivalent within a fac- 
tor of two for exposures of 5, 12, 15, and 
30 minutes. These times encompass the 
ones later used in determining the action 
curve for the violet and blue portions of 
the spectrum. 

A reciprocity experiment with cockle- 
bur was conducted in which the source 
of radiation for the dark-period inter- 
ruptions was an unfiltered incandescent- 
filament lamp. The intensities of radia- 
tion were so adjusted that duration of 
interruption could be varied from 30 
seconds to 64 minutes at seven con- 
stant-energy levels that differed from 
one another by a factor of slightly less 
than 1.5. The six plants of each experi- 
mental lot were subjected to dark-period 
interruptions within a period starting an 
hour before and ending an hour after the 
middle of the dark period; that is, during 
the sixth and seventh hours after the 
start of the 12-hour dark period. 

Floral initiation was prevented in 
half or more of the plants of all but three 
lots at relative energy levels of 4.0 or 
higher (table 2). In all lots that received 
lower relative energies, on the contrary, 
two-thirds or more of the plants initiated 
flowers. Thus, the energies required to 
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suppress floral initiation in the various 
groups were constant within the factor of 
1.5 used between successive lots of a 
particular group. 

Determinations were made for soy- 
beans of the minimum intensity of il- 
lumination necessary to suppress floral 
initiation when given throughout the en- 
tire 14-hour dark period. In these experi- 
ments lots of plants were placed at vari- 
ous distances from a low-wattage incan- 
descent-filament lamp in the same way as 
for one irradiation time of a reciprocity 
experiment. Three experiments, in each 
of which several lots of ten plants were 
used, gave the threshold intensity as 
0.01, 0.02, and 0.02 foot-candles, respec- 
tively. The corresponding energies re- 
ceived by the leaflets of the plants were 
the same, within a factor of 3, as those 
required to prevent floral initiation when 
they were given in short photoperiods 
near the middle of the dark period. 

The overnight threshold intensities for 
suppression of initiation of flower pri- 
mordia by soybeans and cockleburs were 
directly compared. The soybeans were 
illuminated with unfiltered incandescent 
radiation for each of 6 nights of 14 hours 
as usual, and the cockleburs in two lots 
for 3 and for 6 nights of 12 hours each. 
The threshold intensity for the soybeans 
in this experiment was 0.01 foot-candles; 
that for the first lot of cockleburs was 
0.01 foot-candles and for the second 0.02 
foot-candles. Thus the two species, when 
compared under these conditions, re- 
quired about the same intensity of con- 
tinuous illumination to prevent floral 
initiation. 

Overnight experiments were also car- 
ried out with violet light obtained by 
filtering the radiation from a 300-watt in- 
candescent lamp through a no. 511 Corning 
Lantern-blue filter of }-inch thickness. 
Fifteen soybean plants placed 2 meters 
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from the light produced thirty-one flower 
primordia while fifteen plants held in the 
dark for the 14-hour nights produced 
forty. These results indicated that such 
a light had little if any effect in inhibit- 
ing floral initiation and that it could 
therefore be used as a safe-light during 
the setting-up of plants for the various 
experiments. To provide a still greater 
factor of safety, a 100-watt incandescent 
lamp was substituted for the 300-watt 
one. This lamp gave illumination suf- 


Since in the spectrograph experiments 
several lots were treated during a 2-hour 
period, it was necessary to know whether 
or not the energy required to prevent 
floral initiation was constant throughout 
this period. To obtain data on this point, 
a succession of threshold experiments 
was performed in which each experiment 
was started at a different time during the 
dark period. The intensity ranges were 
so adjusted that durations of interrup- 
tion were 2-4} minutes for soybean and 


TABLE 2 


COCKLEBUR RECIPROCITY EXPERIMENT IN WHICH INTENSITIES WERE ADJUSTED SO THAT SEVERAL 
DIFFERENT QUANTITIES OF RADIANT ENERGY WERE EACH APPLIED IN EIGHT DIFFERENT DURA- 
TIONS OF TREATMENT. WHITE LIGHT FROM INCANDESCENT-FILAMENT BULB USED AS LIGHT SOURCE 


No. OF PLANTS PER LOT OF SIX THAT FORMED FLOWER PRIMORDIA FOLLOWING 
RELATIVE DIFFERENT DURATIONS OF DARK-PERIOD INTERRUPTION* 
Lot no. 
ENERGY 
30 sec. | 1 min. | 2 min. | 4 min. | 8 min.t| 8 min.f}| 16 min. | 32 min. | 64 min. 
1.00 5 6 6 6 6 6 6 6 6 
6 6 6 5 6 4 6 6 6 
2.00 6 6 6 6 4 4 6 5 6 
2.83 6 6 6 4 4 6 5 4 4 
|e ere 4.00 4 ° ° 4 4 ° I I 2 
5.66 2 3 ° ° ° ° I 


* All uninterrupted controls flowered. 


t Light source for first five exposure times differed from that of the last four. An 8-minute lot was run with both sources. 


ficient for necessary manipulations and 
identifications of plants. 

Leaflets of soybean plants in the reci- 
procity and threshold experiments were 
placed so that the surfaces were oriented 
between normal and 45° to the light 
beam. In the experiments with the spec- 
trograph, leaflet surfaces were placed 
normal or at an angle of 30° to the light 
beam. Two experiments were conducted 
to test the relative effectiveness of irra- 
diation under these various conditions. 
When the leaflets were placed at 30°, 
about twice as much energy was required 
as when the leaflets were placed normal 
to the light beam. 


4-9 minutes for cocklebur. The energy 
required to prevent floral initiation in 
Biloxi soybean (table 3) was constant 
over the period from 1 hour before until 
2 hours after the middle of the dark 
period. Results of two other similar tests 
indicated that about one and a half times 
more energy was required to suppress 
formation of flower primordia if applied 
at the end of 6 hours after the beginning 
of the dark period than if applied at the 
end of 7 or 8 hours. In view of these re- 
sults all the dark-period interruptions for 
the spectrograph on soybeans were per- 
formed within a 2-hour interval starting 


12 


30 minutes before the middle of the 14- 
hour dark period. 

Similar experiments conducted for 
cocklebur (table 4) gave essentially the 
same results. Results obtained during an 
interval of 2} hours beginning at the 
middle of the dark period were practical- 
ly constant. This was verified in four 
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other experiments. The spectrograph ex- 
periments were restricted to the 2-hour 
period immediately following the middle 
of the 12-hour dark period. 

A striking feature of these experiments 
was the asymmetry in plant response 
with respect to the middle of the dark 
period. Results presented in tables 3 and 


TABLE 3 
EFFECT ON BILOXI SOYBEAN OF IRRADIATION WITH WHITE LIGHT AT SEVERAL ENERGY 
LEVELS AND AT VARIOUS TIMES AFTER START OF 14-HOUR DARK PERIOD 
DURATIONS OF IRRADIATION RANGED FROM 4 TO 9 MINUTES 


NO. OF PRIMORDIA FORMED PER LOT OF EIGHT PLANTS FOLLOWING IRRADIATION 


RELATIVE AFTER VARIOUS NUMBERS OF HOURS FROM START OF DARK PERIOD 


ENERGY 


w 
~ 


ooo 


Controls*.. 7 | 
| 


* Experiment conducted with plants in four different control rooms. Each group to be compared with its own 
control. 
TABLE 4 
EFFECT ON COCKLEBUR OF IRRADIATION WITH WHITE LIGHT AT SEVERAL ENERGY 
LEVELS AND AT VARIOUS TIMES AFTER START OF 12-HOUR DARK PERIOD 
DURATIONS OF IRRADIATION RANGED FROM 2 TO 4} MINUTES 


LOWING IRRADIATION AFTER VARIOUS NUMBERS OF HOURS FROM 


| No. OF PLANTS PER LOT OF EIGHT FORMING FLOWER PRIMORDIA FOL- 
| 
| START OF DARK PERIOD* 


RELATIVE 
ENERGY 


| 
6.75 


* All controls on short day flowered. 
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4 are representative of others obtained. 
They show, for instance, that at least 
three times as much energy was re- 
quired to suppress floral initiation of 
cocklebur when given 1.5 hours before 
the middle of the dark period as con- 
trasted with 1.5 hours after the middle. 
Soybeans exhibited a similar difference 
in sensitivity to treatments at 3 hours on 
either side of the middle of the dark 
period. In general, the asymmetry for 
both plants was such that markedly 
greater energy was required to suppress 
floral initiation when the radiation was 
given appreciably before rather than 
after the middle of the dark period. 

If the time of interruption was so 
placed as to permit a portion of the dark 
period to approximate that required for 
flowering, the response was variable. 
This for soybean (table 3) was illustrated 
by the strikingly different behavior fol- 
lowing interruption at 11 or at 113 hours 
after the start of the dark period. Similar 
results were obtained in experiments 
undertaken to determine the critical day- 
length necessary for flowering of cockle- 
bur. 


LIMITS OF EFFECTIVENESS IN 
THE SPECTRUM 


While spectrograph experiments were 
performed with high energies at wave 
lengths as great as gooo A., it was still 
considered necessary to test further for 
possible effectiveness of infrared radia- 
tion in preventing floral initiation. This 
was done by irradiating fifteen soybean 
plants throughout the night at 1.2 meters 
from a 300-watt lamp behind a Corning 
no. 254 filter of {-inch thickness which 
did not transmit wave lengths shorter 
than 7500 A. These were compared with 
fifteen other plants that received no 
dark-period interruptions. All plants of 
each lot formed flower primordia, and 


there was no difference between lots in 
the number of primordia formed. Only 
about to seconds’ irradiation in the re- 
gion of 6500 A. under these conditions 
would have been required to prevent 
initiation of primordia. 

Spectrograph experiments were not 
completely satisfactory in establishing 
the nature of the photoperiodic response 
to radiation in the near ultraviolet. This 
was caused by a probable lower or pos- 
sible zero effectiveness of such radiation, 
by the steadily decreasing intensity in 
the radiation source at shorter wave 
lengths, by the increased dispersion of 
the spectrograph, and by the decrease in 
transmission of the prisms. For these 
reasons tests were made with the 3650 A. 
mercury line isolated by means of filters. 
The radiation source was a 600-watt 
G.E., a.c. Uviare equipped with no. 586 
and no. 738 Corning filters, each of 
q-inch thickness. Ten soybean plants ex- 
posed for 1 hour at 1.0 meter from this 
source initiated twenty flower primordia, 
while ten control plants that received 
no dark-period interruption initiated 
twenty-four primordia. Thus at 3650 A., 
energies as great as 2000 kiloergs per 
cm.’ did not inhibit the formation of 
flower primordia, whereas lower energies 
were inhibitory in even the least effec- 
tive region of the visible spectrum. 


ACTION SPECTRUM FOR PREVENTION 
OF FLORAL INITIATION BY 
BILOXI SOYBEANS 


After a number of preliminary ‘tests, 
fourteen spectrograph experiments were 
performed to determine energies required 
at various wave lengths to suppress 
initiation of flower primordia by Biloxi 
soybeans. Six of these were designed 
primarily for the violet-blue portion of 
the spectrum, but they included a con- 
siderably wider region. The maximum 
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time of exposure was 21 minutes, and 
each exposure was repeated on four 
lots of plants. 

In one experiment in this region (fig. 
4), 220 plants were irradiated at fourteen 
different wave-length regions and for six 
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them between points at which sharp 
breaks occurred in the numbers of flower 
primordia produced. The maximum en- 
ergy required to prevent floral initiation 
in this region was about 1200 kiloergs at 
4800 A. Below this wave length the re- 
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Fic. 4.—Response curve for suppression of floral initiation in Biloxi soybean in blue-violet region of spec- 
trum. Leaflets were held at fourteen different wave-length stations for six different durations. Resulting 
energy at each wave-length station is plotted, and superimposed on energy lines are total numbers of flower 
primordia formed by lots of four plants which received a specific wave-length band at different energy 
levels. Response curve was drawn freehand through energy lines, crossing them between points at which 
sharp breaks occurred in number of flower primordia produced. Dotted portion of curve at 4400 A. suggests 
the possibility of an enhanced effect in this region. Results of an experiment to compare effectiveness of 
radiation at 6400 A. with that in blue-violet region are shown at extreme right of figure. 


different durations. The resulting ener- 
gies at each wave-length station are 
plotted on the graph. Superimposed on 
these energy lines are the total numbers 
of flower primordia formed by lots of 
four plants which received a specific 
wave-length band at different energy 
levels. A response curve was.drawn free- 
hand through the energy lines, crossing 


sponse curve approximately followed the 
radiation curve (i.e., 21-minute ex- 
posures were more effective at all wave 
lengths than 14-minute exposures). 
Thirty-six plants were maintained as 
short-day controls. These developed au 
average of 2.4 flower primordia each, or 
9.6 for a group of four plants. The re- 
sponse curve of a second experiment 
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(fig. 5), extending to slightly shorter 
wave lengths, had the same general fea- 
tures of that of figure 4. In both these 
experiments and in one previously de- 
scribed (15), radiation near 4400 A. was 
perhaps somewhat more effective in pre- 


Response curves taken from the six 
experiments in which the violet-blue por- 
tion of the spectrum was used (fig. 6) 
show approximately a twofold variation 
between the extreme curves. The rela- 
tive response in the various wave-length 
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Fic. 5.—Another response curve for suppression of floral initiation in Biloxi soybean in blue-violet region 


of spectrum. 


venting floral initiation than was that 
of neighboring regions. No evident ef- 
fect of the type suggested by the dotted 
line of figure 4 was observed in the 
other experiments in the violet-blue por- 
tion of the spectrum. If such an effect 
occurs in this region, it is close to the 
limit of detection imposed by the 
method of measurement and the vari- 
ability of the biological material. 


regions for a particular experiment was, 
of course, far less variable; that is, the 
shape of a response curve was determined 
very accurately within each experiment, 
but the absolute value of the ordinates 
varied somewhat from one experiment to 
another. This variability between ex- 
periments was the result of the variable 
environmental conditions under which 
the plants were produced in the green- 
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Fic. 6.—Response curves for suppression of 
floral initiation in six different experiments with 
Biloxi soybean in blue-violet region. There is ap- 
proximately a twofold variation between extreme 
curves. 
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house, since experiments were performed 
at all seasons of the year. 


Seven experiments were performed in 
the region between 5400 A. and 7800 A. 
For these experiments the leaves were 
held against the wedges at. an angle of 
30° to the light beam, as previously de- 
scribed. 

In one experiment (fig. 7) the range 
from 5500 A. to 6800 A. was covered by 
stations the centers of which were 5.5 
cm. apart. The range from 6800 A. to 
7900 A. was covered by five stations that 
were 3.75 cm. apart. A narrow slit was 
used in the spectrograph in order that 
the effective slit width could be main- 
tained at about one-half the width of the 
leaf projected along the light beam. The 
solid curve (fig. 7) was taken as the one 
representing the plant response for com- 
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Fic. 7.—Response curve for suppression of floral initiation in Biloxi soybean in range from 5500 A. to 
7900 A. Solid curve was taken as one fepresenting the response, while broken-line curve illustrates gradation 


effect with decreasing energy. 
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parison with the action curve in the 
violet-blue portion of the spectrum. It 
followed the energies required at the 
various stations for practically complete 
suppression of flower primordia. A dotted 
curve below this one illustrates a grada- 
tion effect of decreasing energy. 

The long-wave-length limit of radia- 
tion effective in preventing floral initia- 
tion was established by four spectro- 
graph experiments. One of these (fig. 8) 
was particularly designed to trace the re- 
sponse curve as far toward long wave 
lengths as was feasible. Approximately 
2300 kiloergs per sq. cm. were required to 
suppress primordium development at 
7300 A. However, some effect on floral 
initiation was possibly caused by high 
energies at 7700 A. 

Response curves for seven separate ex- 
periments (fig. 9) in the yellow-red por- 
tion of the spectrum show very close 
agreement in the region for maximum 
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Fic. 8.—Results of one of the experiments to 
establish long-wave-length limit of radiation effec- 
tive in preventing flora] initiation. 


effectiveness. One of these curves covered 
wave lengths down to about 5400 A. and 
served to tie this group of experiments to 
those of the violet-blue region of the 
spectrum which covered the range of ap- 
proximately 4000 A. to 5400A. The 


region covered by this particular curve 
was one over which the effectiveness of 
radiation was changing rapidly. 
Energies required to suppress develop- 
ment of flower primordia of Biloxi soy- 
bean at the most effective regions in the 
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Fic. 9.—Response curves for seven separate ex- 
periments in yellow-red portion of spectrum. 


red and the violet and at the least effec- 
tive region in the blue portion of the 
spectrum are shown in table 5. The most 
direct comparison between these values 
was given by the experiments of 9-26-45 
and 9-17-45, which were designed to 
compare effectiveness of radiation in a 
narrow region of the red with that in the 
blue-violet region of the spectrum. These 
experiments made use of the previously 
described lens arrangement at the red 
end of the spectrum centered at 6400 A., 
which permitted all leaves to be placed 
normal to the light beam and increased 
the radiation times in the red to the same 
order as those of the violet-blue. The 
data of the experiment of 9-26-45 (table 
5) are shown with the results obtained at 
6400 A. on an ordinate one-tenth that 
used for the rest of the data (fig. 4). In 
this experiment the energy required to 
prevent floral initiation at 4800 A., the 
least effective region in the visible, was 
about sixty times as great as the energy 
required at 6400 A. 
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TABLE 5 

SUMMARY OF ENERGIES REQUIRED TO PREVENT 
FLORAL INITIATION IN BILOXI SOYBEAN IN 
MOST EFFECTIVE REGIONS OF RED AND VIOLET 
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AND IN LEAST EFFECTIVE REGION OF BLUE 


KILOERGS PER SQ. CM. 
TION IN RE- 
DATE LATION TO 
LIGHT 
Red Blue Violet BEAM 
9-26-45...... | 20 1200 | 450 | Normal 
Q-17-45......] 25 1500 | 500 | Normal 
6- 5-44 30° 
§-22-44...... BOM 30° 
goo | 200 | Normal 
1000 | 220 | Normal 
1100 | 300 | Normal 
2-27-45......|.......| 1000 | 200 | Normal 
1200. 
1000} 
Nn 
= 
© 
« 
600). 
= ° 
> 
° 


3500 4000 4500 5000 5500 6000 6500 7000 7500 
WAVE LENGTH IN ANGSTROM UNITS 


The data of all experiments with 
Biloxi soybeans were combined to give 
an action spectrum (fig. 10). The experi- 
ments of 9-26-45 and 9-17-45 (table 5) 
were very helpful in establishing a com- 
mon ordinate for the two halves of 
the curve, a matter concerning which 
there had previously been a twofold fac- 
tor of uncertainty (15). 


ACTION SPECTRUM FOR PREVENTION OF 
FLORAL INITIATION BY XANTHIUM 
SACCHARATUM 


The action spectrum for Xanthium 
was determined from the results of four 
experiments in the red portion of the 
spectrum and four in the blue. The de- 
tailed data presented for certain of those 
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Fic. 10.—Composite action spectrum for suppression of floral initiation in soybean and cocklebur. A, 


points on soybean curve give energy required at middle of a 14-hour dark period to prevent floral initiation. 
Wave lengths for maximum photosynthesis and wave-length limit as measured by Hoover (8) are shown. 


initiation. 


B, points on cocklebur curve give energy required at middle of a 12-hour dark period to prevent floral 
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experiments (figs. 11, 12, and 13) were 
expressed in terms of the number of 
plants per lot of four that initiated flower 
primordia following treatment. 

The action curves (fig. 14) for the four 
experiments in the red region, based 
upon about 1200 plants, agreed with one 
another within reasonably narrow limits 
between 5400 A. and 6900 A. The bro- 
ken-line curve approximates a mean for 
the four experiments, although it gives 
relatively little weight to the one re- 
sponse curve that shows lowest energy 
between 5500 and 6600 A. 

Since the experiments with cocklebur 
in the red region were performed with the 
carbon-arc lamp, the times of exposure 
to produce a given amount of energy 
were very much shorter than those for 
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Fic. 11.—Response curve for prevention of floral 
initiation in cocklebur. Figures superimposed on 
energy lines indicate number of plants from each lot 
of four that formed flower primordia. 


the soybean experiments performed with 
the projection lamp (fig. 7). One of these 
cocklebur experiments (figs. 11 and 12), 
which was performed with energies as 
great as 2500 kiloergs per sq. cm., showed 
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that radiation at wave lengths longer 
than 7000 A. was very ineffective in pre- 
venting floral initiation in cocklebur. 
This limit thus occurred at a somewhat 
shorter wave length for cocklebur than 
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Fic. 12.—Continuation of lower part of curve 
shown in fig. 11. Region of maximum effectiveness 
for preventing floral initiation in cocklebur was 
about 6300 A. 


for soybean. The region of maximum ef- 
fectiveness for cocklebur was about 
6300 A. and was somewhat more sharply 
defined than in the case of soybean. 
Preliminary experiments indicated 
that it would be difficult to obtain ade- 
quate energy in the blue portion of the 
spectrum to permit tests equivalent to 
the ones used for soybeans. The energy 
in the specific wave-length regions was 
accordingly made as great as the limiting 
factors permitted by reducing the dis- 
tance to the image plane, broadening the 
slit, running the arc at the maximum 
power input, and increasing the time of 
irradiation as much as was feasible. The 
resulting decrease in dispersion and re- 
solving power was not sufficiently great 
to interfere with the results. Under the 
conditions employed floral initiation of 
cocklebur could be suppressed with ex- 
posures of 50 minutes in the blue-violet 
region from 3900 A. to 4800 A. and with 


ER 
th 
ve 
ri- g 
5) 
n- 
of 
ch é 
C- 
m | 
ur | 
1e 
e- 
se wi 
| | 
D 
A, 
al 


20 BOTANICAL GAZETTE 


considerably shorter time at longer wave 
lengths. With such long exposures it was 
not possible to treat more than four 
plants per station during the 4-hour du- 
ration of an experiment. However, since 
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Fic. 13.—Response curve for prevention of floral 
initiation in cocklebur in blue-violet portion of spec- 
trum. Data on extreme right show results of an ex- 
periment that was used to compare effectiveness in 
blue-violet region of spectrum with that in red 
region. 


the dispersion was so great in the blue- 
violet region from 3900 A. to 4800A., 
adequate sampling was attainable by 
confining the 50-minute treatments to 
five alternate stations. The intervening 
stations in this range and all stations 
above 4800 A. were used for the shorter 
exposures (fig. 13). The region of least 
effectiveness was near 4800 A., and this 
region was also found least effective in 
soybean, but the energies required to 
prevent floral initiation were far greater 
for cocklebur. 

Response curves from the four ex- 
periments performed in the blue-violet 
region were very similar (fig. 15) and re- 
sulted from experiments performed with 
different lots of plants grown during the 
period of May—August, 1945. Any vari- 
ability between these lots did not alter 
the general character of the curves for 
the action spectrum. 

Direct comparison was made of the 
effectiveness of radiation in the blue- 
violet portion of the spectrum with that 
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of the most effective part of the red in 
the same way as described for soybeans. 
These comparisons were made during 
the course of the four experiments in the 
blue region. The energy ratios between 
the least effective region of the blue and 
the most effective portion of the red 
(table 6) were 250:1, 150:1, 200:1, and 
220:1 in the four experiments. These 
ratios were above three times greater 
than found for soybeans, owing chiefly 
to lower effectiveness of the blue radia- 
tion. Aside from this, the responses of 
soybeans and cockleburs were closely 
similar, as shown in the composite curve 
of the action spectrum (fig. 10B). 


Discussion 


Experiments reported were under- 
taken to gain information about the 
initial step in the prevention of flowering 
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Fic. 14.—Response curves for cocklebur from 
four experiments in yellow-red region of spectrum 
are shown by solid curves. Broken-line curve shows 
average selected from this group. 


in short-day plants by the action of light. 
Many workers (4, 12, and 13) have 
shown that the photoperiodic reaction 
occurs in the leaves and that it can be 
controlled by the action of visible 
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radiation. It follows, therefore, that some 
colored compound in the leaf is involved 
in the initial step of this photoreaction. 
This compound might be closely allied 
to the material that is transported to the 
meristem where it regulates initiation, 
or it might be one of the common leaf 
pigments which enters into photochemi- 
cal reactions thereby preventing the ap- 
pearance of a regulatory substance at 
the terminal meristem. 

The simplest observation to be made 
from the data is that both Biloxi soy- 
bean and cocklebur have action curves 
that are similar in many respects. Both 
plants respond photoperiodically to radi- 
ation from all portions of the visible 
spectrum, but the energy required to 
prevent floral initiation in either plant 
varies greatly over the spectrum. Posi- 
tions of minimum and maximum effec- 
tiveness in the spectrum and the long- 
wave-length limit of response are the 
same for both plants. This, at least, is an 
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Fic. 15.—Individual action spectra for four ex- 
periments with cocklebur in blue-violet portion of 
spectrum are shown by solid curves. Selected aver- 
age is shown by broken-line curve. 


indication that the same pigment or pig- 
ments are involved in the photoperiodic 
response of the two plants. 

The ideal case for studying a biological 
response to light is one in which the ac- 
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tion curves can be corrected for scattered 
light and for absorption by screening 
pigments, the latter requiring a priori 
knowledge about the effective pigment. 
If possible, the system should not absorb 


TABLE 6 

SUMMARY OF ENERGIES REQUIRED TO PREVENT 
FLORAL INITIATION IN COCKLEBUR IN MOST 
EFFECTIVE REGIONS OF RED AND VIOLET AND 

IN LEAST EFFECTIVE REGION OF BLUE 


ENERGY IN KILOERGS LEAF PosI- 
PER SQ. CM. TION IN RE- 
DATE LATION TO 
LIGHT 
Red Blue Violet BEAM 
8-21-45....| 30 7500 | 3500 | Normal 
7- 7-45----| 55 8500 | 2500 | Normal 
§-31-45....| 50 10000 | 3000 | Normal 
8- 7-45....| 30 6500 | 2500 | Normal 


too much of the incident energy. These 
conditions are not realized in measure- 
ment of the photosynthetic action curve 
for higher plants because of leaf struc- 
ture but have been attained for unicel- 
lular green algae (6). In the case of 
photoperiodic control of flowering no 
method has yet been devised to avoid the 
complexities of light absorption in the 
leaves of the plants. 

The possibility that the action curve 
might be an expression of absorption by 
a common leaf pigment will be examined 
in detail. Pigments in question are carot- 
inoids and chlorophylls a and b. The 
action spectra indicate effectiveness of 
light at wave lengths as long as 7000 A. 
in controlling floral initiation and thus 
definitely rule out the first class of com- 
pounds other than in their screening 
action. The features of the action curve 
that suggest that chlorophyll may be the 
effective pigment are the long-wave- 


~ 


length limit, the general effectiveness 
throughout the visible, the most rapid 
change in response at the steepest por- 
tion of the chlorophyll-absorption curve, 
and the presence of two maxima of re- 
sponse, one in the red and the other in 
the violet. Many factors must be dis- 
cussed in considering the possibility that 
chlorophyll may be the effective pig- 
ment, and, in the end, decision must re- 
main for future work. 

Familiar action curves involving 
chlorophyll as the effective pigment are 
those for photosynthesis. These curves 
have been determined for wheat by 
Hoover (8) and for Chlorella suspensions 
by Emerson and Lewis (6). In the 
former case the amount of CO, fixation 
for unit incident energy varies but little 
across most of the visible spectrum, 
which is to be expected with great 
amounts of the absorbing pigment in the 
light path. In the latter investigation 
the oxygen evolution was shown to follow 
the absorption spectrum of chlorophyll 
with constant quantum efficiency. Ex- 
pressed in another way, maximum photo- 
synthesis for dilute Chlorella suspen- 
sions was obtained for unit incident 
energy at the absorption maxima and 
less in the more transparent regions 
(Emerson and Lewis, fig. 7). Both 
curves, however, have the same long- 
wave-length limit of response. This limit, 
moreover, is the long-wave-length limit 
of light absorption by isolated chloro- 
plasts (5). It corresponds within the limit 
of experimental error to the long-wave- 
length limit for photoperiodic response of 
soybean and cocklebur, and this corre- 
spondence might be expected irrespec- 
tive of the detailed nature of the two 
processes provided the red absorption 
bands are effective in both. 

Photosynthetic effectivefiess for wheat 
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reaches a slight maximum near 4400 A. 
and decreases greatly between 4400 and 
4000 A. The maximum effectiveness for 
stopping floral initiation apparently 
takes place at shorter wave lengths. 
About half the experiments with the 
violet-blue portion of the spectrum sug- 
gest an enhanced effect of radiation near 
4400 A., asindicated by the dotted line on 
figure 4. The least effective portion of the 
spectrum is near 4800 A. for both soy- 
bean and cocklebur. The two species, 
however, differ significantly in the effec- 
tiveness of such radiation in comparison 
with the most sensitive region in the red. 
Ratios of energies required to stop floral 
initiation are: 

Soybean FE (4800 A.):E (6400 A.) = 60:1 
Cocklebur E (4800 A.):E (6400 A.) = 200:1 


This region of minimum photoperiodic 
effectiveness is near the wave lengths at 
which chlorophylls a and b have their 
maximum absorption coefficients. 

If chlorophyll is the pigment respon- 
sible for the initial step of photoperiodic 
control of flowering, then the immediate 
reaction takes place in the chloroplasts, 
since absorbed energy can be transferred 
only a distance of a few molecular di- 
ameters. The absorbed energy effective in 
preventing flowering of short-day plants 
is probably transferred to some com- 
pound appearing in a chain of chemical 
reactions that do not depend upon ab- 
sorbed light. In the absence of light a 
product of these reactions reaches suffi- 
cient concentration so that the amount 
diffusing away from the chloroplasts and 
finally reaching developing meristematic 
tissue is sufficient to control develop- 
ment. The compound to which the en- 
ergy is transferred might thus undergo a 
side reaction, such as oxidation, which 
would break the chain of reactions lead- 
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ing to the final effective compound. The 
break could be at any point along the 
chain, including the final reaction. 

If chlorophyll is the effective pigment, 
then possibly the chlorophyll-containing 
cells must absorb enough energy to re- 
duce the concentration of a compound 
entering the photoreaction to some defi- 
nite but unknown average level. Radia- 
tion in the region of maximum absorp- 
tion will be more reduced in intensity at 
the chloroplasts farthest from the irradi- 
ated surface than will radiation having 
less absorption. If the energy received is 
below a certain value, these particular 
chloroplasts will still supply the active 
compound. In regions of low absorption 
of light by the chloroplasts, near 5600 A.., 
for example, radiation is less reduced at 
the chloroplasts farthest from the irradi- 
ated surface, and the actual energy ab- 
sorbed is possibly greater than for the 
region of the maximum absorption co- 
efficient. As a result less energy could be 
required, as actually observed, for sup- 
pression of floral initiation at 5600 A. 
than at 4800 A., where the absorption 
coefficient is greater. 

Change of light absorption with depth 
in an absorbing medium might be con- 
sidered in greater detail to illustrate the 
effect. The intensity at a particular depth 
(a) is given by 

{= To 


where J is the incident intensity and a 
is the absorption coefficient. Energy ab- 
sorbed at a particular depth is given by 
the derivative of the above expression 
with respect to depth, or 


At the surface of the absorbing medium x 
is zeroand dJ/dxis— aly. Thus the energy 
absorbed at the surface for a given inci- 
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dent energy depends directly upon the 
absorption coefficient. As the depth in- 
creases (x>o), the absorption de- 
creases, that is, e~ decreases with in- 
creasing values of x, but at a different rate 
for each absorption coefficient (a). The 
rate of change of absorption decreases as 
the absorption coefficient decreases, and 
a depth is finally reached at which ab- 
sorption of strongly absorbed radiation 
becomes less than that of weakly ab- 
sorbed radiation. This change of absorp- 
tion with depth in a homogeneous 
medium is illustrated in figure 16 for 
three absorption coefficients correspond- 
ing to three different wave lengths of in- 
cident light having the same intensity Jo 
at each wave length. At a depth of 2.5 
units («= 2.5) about ten times as much 
energy is absorbed per unit of volume for 
an absorption coefficient of 0.5 as for 2.0. 
At the surface, of course, the absorption 
was four times as great for the latter as for 
the former. In general, the effect of self- 
screening by the chloroplasts or within a 
chloroplast could be of the type to 
broaden the region of relative great sen- 
sitivity in the red, orange, and yellow, 
as contrasted with the absorption spec- 
trum of chlorophyll, and to reduce the 
effectiveness of the blue. 

Consideration of phototropic move- 
ment of plants is of interest in contrast to 
photoperiodic control of flowering. The 
action curve for the bending of the Avena 
coleoptile was first measured by BLAAUW 
(x) and later by JoHNSTON (9). Both ob- 
servers found a maximum bending re- 
sponse in the neighborhood of 4400 A. 
with a second near 4750A. Radiation 
beyond 5500 A. does not produce bend- 
ing. WALD and Du (17) indicated 
that the effective pigment is probably a 
carotinoid, and, by extracting oat co- 
leoptiles, they obtained a solution having 
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an absorption spectrum similar to the 
action curve. The initial step is the ab- 
sorption of light by the carotinoids of the 
plant, but control of bending is brought 
about through the action of auxins which 


2.0, 
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CHANGE 
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PATH LENGTH , X 


Fic. 16.—Change in energy absorbed with depth 
for three absorption coefficients corresponding to 
three different wave lengths of incident light: 


dI 
(ordinates) = —alI, e~%*. 


are colorless compounds. A reaction 
chain of considerable length undoubted- 
ly exists between the initial step and the 
final control. 

Reciprocity experiments and experi- 
ments involving irradiation at various 
times after the start of thé dark period, 
which were conducted to determine the 
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practicability of certain experimental 
routines, also contribute significant data 
concerning the nature of the photo- 
periodic reactions involved. These experi- 
ments indicate that the compound in- 
volved in the photochemical reaction 
either never diffuses from the chloro- 
plasts or diffuses very slowly. 


Summary 


1. The purposes of this investigation - 


were to obtain quantitative data on the 
photoreactions that prevent flowering of 
short-day plants, from which an action 
spectrum relating wave length to photo- 
periodic effectiveness of light could be de- 
rived, and to draw such inferences con- 
cerning the nature of the photoreactions 
as the action spectrum would permit. 

2. Experiments designed to give the 
action spectrum made use of a specially 
designed prism spectrograph having a 
dispersion of 15 A. per cm. at 5000 A. At 
this wave length and with an effective 
slit width of 100 A. the energy was about 
3000 ergs per sq. cm. per second with the 
slit illuminated by a carbon arc operated 
at 12 kw. input. 

3. Plants investigated were soybean, 
Soja max (L.) Piper var. Biloxi, and 
cocklebur, Xanthium saccharatum Wallr. 
To facilitate irradiation, the foliar sur- 
face of the plants of each species at the 
beginning of an experiment was reduced 
to a single leaflet or leaf, respectively. 

4. The experimental treatment was 
based on the fact that flowering of 
short-day plants receiving short photo- 
periods can be prevented by interrupting 
each of the accompanying long dark 
periods at or near the middle with a brief 
period of irradiation. In these experi- 
ments minimal energies required to pre- 
vent floral initiation were determined 
for many narrow regions of the spectrum. 
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5. The reciprocity law was tested and 
found to hold for the factors of time and 
intensity within the ranges used for 
dark-period interruption. Flowering re- 
sponse of both soybean and cocklebur de- 
pends on the total radiant energy used 
to interrupt the dark period. 

6. Minimal energies necessary to pre- 
vent flowering depend upon the number 
of hours of darkness elapsing before the 
plants are irradiated but are constant 
over a 2-hour period beginning 30 min- 
utes before the middle of the dark pe- 
riod. 

7. Action spectra for soybean and 
cocklebur are similar in several respects. 
The limit of effectiveness of radiation for 
preventing flowering of both plants is 
near 7200 A., at the red end of the spec- 
trum. Maximum effectiveness for both 
plants occurs over a broad region extend- 


ing from about 6000 to 6800 A. A mini- 
mum of effectiveness of radiation for 
both plants occurs in the region of 
4800 A., and effectiveness increases again 
at shorter wave lengths in the visible 
portion of the spectrum. 

8. Ratios of energies required to pre- 
vent flowering in the regions of maximum 
and of minimum effectiveness were dif- 
ferent for the two plants, being about 
1:200 for cocklebur and 1:60 for soy- 
bean. 

9. The possibility that chlorophyll 
may be the effective pigment in the pho- 
toperiodic reaction is examined. 


Mrs. Laura E. RAPPLEYE and Miss 
Emtty DvucHESNE gave valuable as- 
sistance with the various experiments. 
BUREAU OF PLANT INDUSTRY, SOILS 


AND AGRICULTURAL ENGINEERING 
BELTSVILLE, MARYLAND 
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BREEDING BEHAVIOR AND CHROMOSOME NUMBERS 
IN PROGENIES FROM TWIN AND TRIPLET 
PLANTS OF POA PRATENSIS' 


ETLAR L. NIELSEN 


Introduction 


Many workers have observed that Poa 
pratensis L.. develops a high proportion 
of polyembryonic seeds, and several re- 
ports have been published concerning the 
appearance of mature plants developed 
therefrom. There are few data, however, 
relative to the breeding behavior of the 
plants. It is the purpose of this paper to 
set forth additional observations on this 
problem as well as to correlate them with 
chromosome numbers. 


Review of literature 


VuKuLov (10) found that 5.6% of the 
total number of seeds of P. pratensis 
studied were polyembryonic. Among 
other congeners studied were P. palustris 
L. with 0.8%, P. nemoralis L. with 0.7%, 
P. compressa L. with 0.3%, and P. trivia- 
lis L. with 0.13% polyembryonic seeds. 


* Results of co-operative studies between the Di- 
vision of Forage Crops and Diseases, Bureau of 
Plant Industry, Soils and Agricultural Engineering, 
and the Wisconsin Agricultural Experiment Station, 
Madison. The statistical computations were made 
by personnel of the Statistical Laboratory of the Col- 
lege of Agriculture. 


Excellent illustrations of twin and triplet 
seedlings accompanied the data. 
The sizes of stomatal openings within 
each of five sets of twins of P. pratensis 
having unequal chromosome numbers 
were compared with those of two sets of 
twins with equal chromosome numbers 
(8). There appeared to be a positive cor- 


relation between chromosome numbers 


and the lengths of the stomata, but the 
number of comparisons possible was not 
sufficiently large to permit NIssEN to 
arrive at reliable conclusions. 

AKERBERG (1) obtained an average of 
2.9% polyembryonic seeds in P. praten- 
sis. Apomictic types considered in other 
studies averaged 11.2%, sexual ones 
3.4%, and 37 collections of diverse origin 
9.8% polyembryonic seeds. Approxi- 
mately 13% of thirty-two twin sets con- 
sisted of divergent members, and in an- 
other trial approximately 7% of two 
hundred and sixty-two plants (apparent- 
ly one hundred and thirty-one sets) were 
dissimilar. 

About one half of thirty-one sets of 
twin seedlings of P. pratensis examined 
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by SkovsTED (9) had the diploid chromo- 
some number, the remainder having de- 
viating numbers. The seedlings of seven 
of the sets with equal numbers were con- 
sidered to be of equal size, two of almost 
equal size, and seven others had pro- 
nounced differences. The seedlings of the 
fifteen other sets that had members with 
deviating chromosome numbers were 
classified as follows: three pairs were 
equal in size, three other pairs were al- 
most equal in size, and nine pairs differed 


_ markedly within sets. Some of the latter 


sets were diploid-triploid. There did not 
appear to be any consistency as to which 
member was the more vigorous. One set 
was considered to be haploid-diploid, the 
haploid being the less vigorous as a 
seedling. 

Mintzinc (6) examined two hun- 
dred and seventy sets of P. pratensis 
twins. Eighteen plants were triploids, 
two were haploids, and five other deviat- 
ing numbers were observed. He found 
that approximately 9% of all the plants 
had deviating chromosome numbers. He 
had concluded earlier (5) that usually the 
members of a twin pair have the same 
chromosome number but that sometimes 
one of the twins may be triploid to the 
diploid. The triploid plants were definite- 
ly more vigorous than their diploid 
mates. He suggested the hypothesis that 
in some of the Gramineae there may oc- 
cur two or sometimes three macrospore 
mother cells. As a rule both of the em- 
bryo sacs derived from these macrospore 
mother cells are reduced, but sometimes 
one member may be diploid and the 
other haploid. Fertilization of the egg of 
each of these would consequently give 
rise to the diploid-triploid relationship. 
Likewise when haploid embryo sacs are 
present, the fertilization of the egg of one 
may stimulate the other to develop 
parthenogenetically so that haploid- 


diploid pairs would appear. Following 
further investigations (7) he reported 
that a triploid (37) twin was usually less 
productive than its mate with the lower 
diploid (2m) chromosome number. It ap- 
peared that the triploid plant needed a 
longer time to reach maturity. Also, mem- 
bers with higher numbers had thicker 
and broader leaves than their corre- 
sponding twins with lower numbers. No 
difference could be found between plants 
in certain chemical characteristics. Pol- 
len fertility was usually greater in the 
higher member of the set, and it seemed 
as though a change from the normal 
chromosome number to the triploid con- 
dition involved a change from a pre- 
dominantly apomictic type of seed for- 
mation to a more or less pronounced de- 
gree of sexuality. 

Several sets of twins and triplets were 
isolated by KIELLANDER (4) from an 
open-pollinated P. pratensis progeny 
(2n = 72) that had been completely uni- 
form through three generations. Among 
these were two aberrant forms for the 
progeny, a twin with 27 = 40, a triplet 
with 27 = 18 that resembled P. trivialis 
(2m = 14). The 2m = 18 triplet was par- 
tially fertile and produced offspring with 
the diploid number of chromosomes 
ranging from 15 to 19, the average num- 
ber being 16. 

Approximately 7% of the seed sam- 
ples taken by BritrincHAM (3) from 
plants of 115 progenies were polyembry- 
onic. The range in percentages varied 
from o to 31.6. The highest frequency of 
seeds with triplet embryos from a single 
plant was 4.3%. Sixty-nine twin sets and 
four triplet sets were grown to maturity. 
Approximately 17% of the sets were con- 
sidered to be dissimilar, and it was con- 
cluded that the variability was signifi- 
cantly higher among plants derived from 
polyembryonic seeds than that among 
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plants derived from single-embryo seeds. 
Although this difference was noted, the 
nature of variation was considered essen- 
tially the same. Likewise, no association 
was found between plant type or manner 
of origin and the frequency of poly- 
embryony in the species. 


Material and methods 


Two groups of progenies have been 
analyzed for the frequencies of aberrants, 
i.e., deviations from the predominant 
type. Twenty-four paired progenies 
(group I) from twins and two from 
triplets were established in the field in 
1942 and subsequently studied in 1943. 
The parents of this group had been 
isolated by F. W. TINNEY. 

Sixty-two sets of twins and four sets of 
triplets (group II) were isolated in 
March, 1942, from diverse lots of seed 
germinated in connection with other 
studies. The seedlings isolated cannot be 
taken as a random sample of Kentucky 
bluegrass twins, since an effort was made 
to isolate more dissimilar pairs with the 
consequence that numerous apparently 
identical seedling sets were not propa- 
gated. The plants of selected sets were 
separated and later space-planted into 
the field in May. These were classified as 
to their morphological similarity or dis- 
similarity during their first fruiting year. 
Individual panicles were harvested sepa- 
rately from each plant. Fifteen sets of 
twins and three sets of triplets were se- 
lected for further study. The basis for 
selection of these was morphological 
similarity or dissimilarity among the 
members of a given set. Derived proge- 
nies of twenty-four plants each were es- 
tablished in the field in 1944, and these 
were subsequently analyzed for their fre- 
quencies of aberrants during the summer 
of 1945. © 
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Results 
Group I 


The data for the frequencies of aber- 
rants among progenies are given in table 
1. The chi-square test for independence 
shows that in three sets the percentage of 
aberrants in the progeny of one member 
of the pair is significantly different from 
that in the other. YATEs’ (11) correction 
for continuity was used, since there was 
only one degree of freedom in each com- 
parison. The frequency of aberrant 
plants in line 251 differed at the 1% level 
and in lines 275 and 279 at the 5% point. 
No difference was ascertainable among 
the triplet progenies. 


Group II 


THE PARENT PLANTS.—The original 
plant isolations from which progenies 
were developed were analyzed for vigor, 
aggressiveness, plant height, texture, and 
other similar characters in June, 1943. 
Forty-six per cent of the twins were con- 
sidered identical. Fifteen of the thirty- 
one sets of twins isolated from seed lots 
producing more than one set of twin seed- 
lings were classified as dissimilar and 
sixteen as similar. At least one individual 
of the respective set was dissimilar in 
two of the four sets of triplets. 

SEEDLINGS FROM TWINS AND TRIPLETS. 
—The germinating seed lots from the 
different pairs of group II parents were 
compared, relative to the number and 
vigor of the seedlings produced, during 
the seedling stage. Results are sum- 
marized in table 2. 

The seed of one plant of each of two 
twin sets was completely sterile, no 
seedlings developing from either plant. 
That from their mates produced many 
and intermediate numbers of seedlings, 
respectively. 
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TABLE 1 
NUMBERS OF PLANTS AND PERCENTAGES OF ABERRANTS IN 
er- PROGENIES FROM TWINS AND TRIPLETS OF POA PRATENSIS 
ble 
nce a-PROGENY* b-PRocENy* c-PROGENY* 
7 of PROGENY 
ber ae No. of | Aberrant | No. of | Aberrant | No. of | Aberrant 
om plants (%) plants (%) plants %) 
vas 24 0.0 24 0.0 
24 4.2 24 4.2 
24 4.2 24 0.0 
24 4.2 24 4.2 
ant 24 0.0 24 8.3 
vel 24 8.3 24 4:3 
nt 24 4.2 24 50.0 
ere 24 4.2 24 4.2 
ng re 24 4.2 24 12.5 
24 4.2 24 
eee 24 4.2 24 4.2 
24 0.0 24 0.0 
24 0.0 24 0.0 
24 8.3 24 453 
re 24 0.0 24 4.2 
nal ee 24 8.3 24 4.2 
ies 24 0.0 24 20.0 
or 24 4.2 24 8.3 
24 0.0 24 16.7 
ind eee 24 8.3 24 16.7 
24 33-3 24 33-3 
43 | er 24 4:3 24 8.3 
on- 8 0.0 5 0.0 
t ee 15 0.0 24 0.0 24 0.0 
24 4.2 24 0.0 24 8.3 
ots 
ed- * a, b, and c indicate progenies from different members of twin and triplet sets. 
ind 
ual 
in 
TABLE 2 
TS. RELATIVE NUMBER AND VIGOR OF SEEDLINGS FROM SINGLE PANICLES 
the OF TWIN PLANTS OF POA PRATENSIS 
ind NO. OF SEEDLINGS PER SET VIGOR OF SEEDLINGS PER SET 
ing | 
| a-plant a-plant 
b-Plant | 6-Plant 
‘wo | Many Intermediate Few | Good | Fair | Poor 
no Many.......... | 4(4)/8* | 7(6)/13 | 5(2)/7 Goad. .......- 5(6)/11 11(7)/18 | 0(3)/3 
nt. Intermediate . | 4(9)/13 | 5(3)/8 | 6(9)/15 | 6(3)/9 
ny | | | | | 
igs, * The first figure is for comparisons of similar plants of sets of twins; the italicized figure (in parentheses) is of dissimilar mem- 
bers of sets. The totals of each comparison in each class are given following the slanting line. 
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Significant differences were not found plant type or vigor. There is no sig- 
between the number of seedlings devel- nificant difference between the ger- 
oped from the different sets. Approxi- minability of seed of either type of aver- 
mately half of the total seed lots ger- age or better vigor. However, there is a 
minated similarly, and the vigor of the tendency for nonvigorous plants to pro- 
seedlings was essentially the same. duce inferior numbers of viable seeds 


TABLE 3 


VIGOR AND SIMILARITY OF MEMBERS OF TWIN AND TRIPLET SETS OF POA PRATENSIS, 
SIMILARITY OF PLANTS OF THEIR PROGENIES, GERMINATION RECORDS, AND 
NUMBER OF PLANTS AND PERCENTAGE OF ABERRANTS IN PROGENIES 


SEEDLING* a-Procenyt | 5-Procenyt | c-Procenyt 
VIGOR OF 
OF 
No. PLANTS 
Av. no. Vigor 
Proge- No. of No. of No. of 
Setst|. rant rant rant 
niest plants (%) plants (%) plants (%) 
a b a b a b 
252-1 G{G + 20 | 10.0 | 23] 13.0 
|G —|I {I F |F 23 30:4 | 23 | 43.5 
252-4...| F | F +} | VF F |P 22.1 “ar 
292-1...|G |G +| + G |F a2 | 455 | 38 
292-2...|G |G |F F |F 20 | 10.0 | 20 | 25.0 
358-1...| F | P Pj- | 52.2 Sterile 
397-1...| G | G +| + |F [I F |F az | 23.8 | 20 | 20.0 
1 i he F}- 20 | 25.0 Sterile 
540-1...|G F —|MilI G |P 22 | 27.3.| 20 |100.0 
4 + +/F |F a1 | 14.3 13:6 
587-4...| F | G —-|M|iM F |G 18 | 33.3 | 22 | 40.9 
652-1. P | 22 |100.0 | 21 | 66.6 
652-2. —|I I $4 | 36.4 | ar | 23:3 
26-1 F) FIP —|F |M|F |P'|F |P 
F | FIL | + + {I 14 | 21.4 20 | 30.0 16° | 375 
599-1.. | -|F |I |F |F |F ar | 9:5 | 9:1 | 20 |.40.0 


* Average number and vigor of seedlings: M, many; I, intermediate; F, few; G, good; F, fair; and P, poor vigor. 
t a, b, and c indicate progenies from different members of twin and triplet sets. 
t Plus (+) symbols indicate similarity; minus (—) symbols dissimilarity. 


The data for germination of seed lots that develop into seedlings of low vigor. 
from three sets of triplets are included in The data for sets of triplets are not suf- 
table 3. Many seedlings resulted from the _ ficiently extensive to permit generaliza- 
seed lots from all members of the fourth _ tion. 


set. Those from two plants were of good ProGENtIES.—Data for the second set 
vigor, whereas those from the third were of progenies from twin and triplet plants 
only fair in this respect. of Kentucky bluegrass are given in table 


A comparison (table 3) of germination 3. Results were analyzed similarly to 
records of plants of similar sets of twins those for the 1942 progenies. The chi- 
with those of dissimilar sets shows that square test for independence indicated 
the number and the vigor of seedlings are _ that the frequency of aberrants in proge- 
characteristics generally unrelated to nies from three sets differed significantly. 
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These include sets 540-1, 599-1, and 
652-1. Inspection of these data also in- 
dicates that the predominant plant types 
of any given set of progenies may be 
similar or different, a fact that a statisti- 
cal test of this type cannot be used to 
determine. Likewise, the two progenies 
grown from the mates of sterile plants 
showed that one of these individuals was 
predominantly apomictic and the other 
intermediate or tending slightly toward 
the sexual mode of reproduction. 

CHROMOSOME NUMBER.—Plants of six 
of the progenies from sets of twins and 
two of the progenies from triplets were 
examined for their chromosome num- 
bers. The chromosome number reported 
for the predominant type is, in all cases, 
based upon approximations in one or 
two members of a progeny and a de- 
tailed analysis and check of one plant. 
Two or more plants of each progeny 
were examined. The chromosome num- 
bers of two additional sets of twins were 
examined, these being the sets of which 
the seeds of one individual were sterile. 
Aceto-carmine smear preparations were 
used, and, with one exception (that at 
diplotene), diakinesis figures were stud- 
ied for the determinations. It may be 
seen from figures given here, and from 
those of previously published papers, that 
the chromosomes of P. pralensis are 
small, often numerous, and have strong 
tendencies to bunch. The chromosome 
counts are summarized in table 4. Those 
of the higher numbers, particularly, 
should be considered to be only approx- 
imations of the actual number of a given 
biotype or line. 


SEXUAL COMBINATIONS 


Two sets of progenies from twins of 
this category were examined. Members 
of the first pair (358-1, table 3) to be con- 
sidered were very different in their 
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morphological characteristics. One plant 
(a) was of fair vigor, 15 inches high, with 
leaves of medium length, and generally 
open panicles (fig. 27). The second plant 
(b) was very weak but survived the first 
winter after it was transplanted into the 
field. It continued to be weak; at flower- 
ing time the following summer, it reached 
a.maximum height of 6 inches, had short 
leaves, and developed three short, com- 
pact panicles. One panicle was left to 


TABLE 4 
APPROXIMATE CHROMOSOME NUMBERS __ IN 
PLANTS ISOLATED, OR IN PLANTS OF PROGE- 
NIES FROM TWINS AND TRIPLETS OF POA 
PRATENSIS* 


Twin or trip- b 

let set number d-progeny -progeny c-progeny 

56t 28t 

56 50 

§87-3..-... 56 

57 (80)t 59 (98) 

86 58 

58t 117t 

84 56 

500-I...... 84 84 114 (86)t 
I10 108 109 


* Numbers calculated from meiotic complements observed 
approximately at diakinesis. 


+ Counts made upon twin plants isolated, of which one mem- 
ber of set proved to be sterile. 


¢t Numbers in parentheses are of aberrants in progenies. 


mature seed and the other two were fixed 
for cytological examination. This plant 
failed to survive the second winter. The 
a-plant (meiotic complement +271 + 
21, fig. 1) was fertile, and the progeny of 
this plant contained approximately 52% 
aberrants. The b-plant was completely 
sterile. Its anthers were partially defec- 
tive, but sufficient microspore mother 
cells developed so that at least some data 
were obtained. 8, + 12; (fig. 2) were 
usually present at diakinesis. Occasion- 
ally others had 6, 7, and 9g bivalents, 
with corresponding deviations of uni- 
valents. Fourteen chromosomes pass to 
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each pole at anaphase (figs. 3, 4). A 
chromosome fragment is sometimes pres- 
ent at this stage. Comparative data for 
other stages are given in table 5. Chro- 
mosome bridges and, in at least one case, 
a dicentric bridge with an acentric frag- 
ment were present. Additional observa- 
tions concerning macrosporogenesis in 
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the plant are given in the companion 
paper. 

The data suggest origins of one or two 
methods of formation of twins: (1) the 
stimulation of a synergid of a reduced 
embryo sac by the act of fertilization of 
the contiguous egg or (2) the stimulation 
of the egg of one embryo sac of an ovule 
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Fics. 1-12.—Meiotic complements in plants of Poa pratensis: Fig. 1, 358-10. 27;;+2;. Fig. 2, 358-10. 


252-4b- plant 2. 


8,4+10;. Fig. 3, 358-1b. Anaphase;. Fig. 4, 358-10. Anaphase,. Fig. 5, 652-1a- plant 3. Fig. 6, 652-1b- 
plant 3. 2n1+16y+17; (?). Fig. 7, 587-3a- plant 3. 28. Fig. 8, 587-3b- plant 3. 28y-+1;. Fig. 9, 252-4a- plant 
3- 27u +31. Fig. 10, 252-4a- plant 8. Fig. 11, 252-4b- plant 5. t+23u+71. Fig. 12, 
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Fics. 13-26.—Meiotic complements in plants of Poa pratensis: Fig. 13, 587-4a- plant 3. 431. Fig. 14, 
587-4b- plant 4. 23n+121. Fig. 15, 397-36. 57u+31- Fig. 16, 397-34. Fig. 17, 540-1a- plant 3. 
-2-1b- 211+36n. Fig. 18, 540-1b- plant 6. 281. Fig. 19, 599-1a- plant 4. 421. Fig. 20, 599-1b- plant 6. 421. Fig. 21, 
plant plant 5. tn1+48n+131. Fig. 22, 599-1¢- plant 6. Fig. 23, 599-1¢- plant 14. 39+ 
12, Fig. 24, 34-1a- plant §. Fig. 25, 34-1b- plant 9. Fig. 26, 34-10- plant 7. 
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as a result of fertilization of the egg of 
the second embryo sac. 

The second set of twins (652-1) was 
also made up of quite dissimilar mem- 
bers (fig. 28). One plant (a) was vigorous, 
somewhat aggressive, medium in tex- 
ture, and at maturity reached a height of 
29 inches. The second plant was of poor 
vigor, nonaggressive, medium texture, 
and, at maturity, was 1g inches tall. All 
members of the progeny developed from 
the a-plant differed from one another in 


right, 652-10. 


morphology. Representatives of this 
progeny contained approximately 28;; at 
diakinesis (fig. 5). Of the progeny from 


TABLE 5 
AVERAGE NUMBER OF LAGGARDS PER SPOROCYTE 
AT METAPHASE I, ANAPHASE I, TELOPHASE I, 
DIAD, AND MICRONUCLEI PER QUARTET IN 


HAPLOID-DIPLOID POA PRATENSIS TWIN 
PLANTS 
Meta- | Ana- | Telo- Quar. 
Plant phase I|phase I|phase I tet 
358a..| 28 1.88 | 2.28 | 1.00 | 0.84 | 1.32 
358). | 14(+f)| 1.00 | 1.00 | 0.80 | 0.20 | 0.44 


the b-plant, 67% were classified as mor- 
phologically dissimilar. Generally they 
were inferior to those of‘ the sister a- 
progeny in vigor, leafiness, and height. 


BOTANICAL GAZETTE 


[SEPTEMBER 


Members of this progeny averaged about 
211 + 16_ + 17; at diakinesis, with mul- 
tiple associations of three chromosomes 
being common (fig. 6). 

It would appear that this set of twins 
arose through the fertilization of an egg 
and a synergid of one embryo sac or, 
possibly, through the fertilization of the 
eggs of two different embryo sacs in the 
same nucellus. Noncompatibility as evi- 
denced by frequent unpaired chromo- 
somes of the b-progeny plants may have 


Fics. 27-28.—Mature twin plants of Poa pratensis: Fig. 27, left, 358-10; right, 358-1a. Fig. 28, left, 652-14; 


been sufficiently effective to reduce the 
general vigor of the plants of the prog- 
eny. 


PREDOMINANTLY APOMICTIC 
COMBINATIONS 


SIMILAR SETS OF TWINS.—Two sets of 
twin progenies wherein the predominant 
plant type was similar were examined for 
chromosome numbers. Members of set 
587-3 were essentially equal in fre- 
quencies of aberrants, these being 14.3 
and 13.6%, respectively. Generally plants 
from the a-parent had 28 bivalents 
whereas those from the 0-parent had 
281 + I; (figs. 7, 8, 29, 30) at meiosis. 

Plants of the predominant type from 
the second set of twins (252-4), with ap- 
proximately 32 and 24% aberrants, had 
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+ 2711 + 31 (fig. 9) and +191 + 23 + 71 
(fig. 11),? respectively. One aberrant from 
the a-plant had + + 4+ 2311 
(fig. 10), or an equivalent of 35 bivalents 
at meiosis. An aberrant plant of the mate 
or b-progeny had about 551; + 21, or the 
equivalent of 56 bivalents (fig. 12). 
These observations suggest that twin 


embryos developed in ovules of the par- 


ents of 587-3 and 252-4 without fertiliza- 
tion of the eggs. Both twin sets devel- 
oped progenies of low and essentially 
equal frequencies of aberrants. In addi- 
tion, however, seedlings derived follow- 
ing fertilization were represented in both 
of these progenies. The aberrant in the 
a-progeny (252-4a- plant 8) apparently 
arose through the fertilization of the egg 
cell of a somatic aposporous embryo sac 
with a male gamete carrying approxi- 
mately the reduced number of chromo- 
somes (n = 28). The aberrant of the 
b-progeny examined (252-4b- plant 2), 
with +551 + 21, is somewhat more dif- 
ficult to explain. The observations sug- 
gest either fertilization by an unreduced 
gamete or a somatic doubling of the di- 
viding zygote nucleus. 

Based upon progeny behavior, four 
other sets of twins were probably of this 
type (252-1, 292-1, 292-2, and 397-1). 

DISSIMILAR SETS OF TWINS.—Mem- 
bers of two sets of progenies, wherein the 
predominant type in a given progeny was 
unlike that of their mates, were exam- 
ined. The members of the sets of twins 
587-4 were markedly dissimilar, differing 
in growth habit and aggressiveness, tex- 
ture or coarseness of both culms and 
leaves, general vigor, and plant height 
(figs. 31, 32). Although progenies devel- 
oped from twin plants did not differ sig- 

2 It was not possible in the material examined to 
determine whether the multiple associations of 
chromosomes were due to homologies or to catena- 


tions. They are therefore considered as multiple 
associations of either or both types. 


nificantly in their frequencies of aber- 
rants (40.9 and 33.3%), the morphologi- 
cal characteristics of the predominant 
type of two progenies differed greatly. 
Members of the b-progeny had about 
2311 + 12; (fig. 14), whereas those of the 
other had approximately 431 (fig. 13). 
This is interpreted to mean that the 
ovule of the plant wherein these twins 
developed contained either two apos- 
porous embryo sacs, of which the egg of 
each formed a functional embryo, or that 
it contained an embryo sac that also 
arose through somatic apospory. One of 
the synergids could have developed be- 
cause of the stimulus given it by the fer- 
tilization of the egg. In either case it ap- 
pears that a second egg or a synergid 
developed parthenogenetically because 
of the stimulus set up by the fertilization 
of the other functional member in the 
ovule. Although the end results would be 
the same, the last-mentioned alternative 
seems the more plausible, based upon the 
relative frequencies of multiple embryo 
sacs observed. 

The observations on the second set 
(397-3) are somewhat more difficult to 
interpret. In this set the two members of 
the twin set differed markedly in vigor, 
aggressiveness, texture, and plant height, 
the member designated as 0 being, in all 
characters mentioned, inferior to those of 
the mate (a). The relative heights were 
10 and 23 inches, and the chromosome 
numbers about 57n + 31 (fig. 15) and 
+11 + 241 + 41 (fig. 16), respectively. 
Plant b proved to be sterile as deter- 
mined by seed germination for sub- 
sequent progeny tests; plant a produced 
numerous functional seeds and the ma- 
ture progeny therefrom had 25% aber- 
rant plants. Minrzinc (5) suggested 
that the occurrence of tetraploids among 
twins most probably implies somatic 
doubling after fertilization or possibly 
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Fics. 29-34.—Members of progenies from twins in Poa pratensis: Fig. 29, 587-3a- plant 10. Fig. 30, 
587-3b- plant 14. Fig. 31, 587-4a- plant 20. Fig. 32, 587-4b- plant 14. Fig. 33, 652-2a- plant 2. Fig. 34, 652-2b- 
plant 4. 


© 


NIELSEN—BREEDING BEHAVIOR IN POA’ 37 


doubling at the beginning of embryo de- 
velopment if this has started partheno- 
genetically. Other possible explanations 
for this condition should be mentioned. 
Only one of these appears at all likely to 
occur. The ovule from which this poly- 
embryonic seed developed perhaps con- 
tained two embryo sacs that had arisen 
by somatic apospory. The maternal tis- 
sue in this case probably contained about 
56 chromosomes. One egg of these em- 
bryo sacs was stimulated to develop 
parthenogenetically and eventually re- 
sulted in the fertile plant. The second 
egg may have been fertilized either by an 
unreduced gamete or by a high polyploid 
gamete carrying approximately the same 
chromosome number as the egg. Al- 
though pairing was evident, subsequent 
interference may have resulted in com- 
plete sterility. It is quite unlikely that 
the combination represents a true hap- 
loid-diploid relationship of embryos de- 
veloped from a fertilized egg and a 
synergid of a single embryo sac. Judging 
from other experiences the haploid would 
either be sterile or, if fertile, the progeny 
therefrom would show considerable seg- 
regation. The opposite is true in this 
case. It is likely that the first of the alter- 
natives, that suggested by MUNTzING, is 
the most plausible explanation of the 
case in question. However, the second 
alternative is possible but is not likely to 
be of | mon occurrence. Restitution 
nuclei were not observed, or so recog- 
nized, in any abundance, and very high 
polyploids were comparatively uncom- 
mon in the material examined. 

The progeny behavior of three other 
sets of twins (252-2, 353-1, and 652-2 
[figs. 33, 34]) suggests similarity to 
587-4. Members of two of these sets, 
however, tend to produce fairly high pro- 
portions of aberrant offspring. 


MIXED SEXUAL AND APOMICTIC 
COMBINATIONS 


The progeny of one member of a set of 
twins (540-1) was predominantly uni- 
form (27.3% aberrants), whereas the 
progeny from its mate was extremely di- 
verse, no two plants being entirely alike. 
In this case plants of the predominant 
type of the former contained approxi- 
mately 21; +36, (fig. 17), whereas 
plants of the sister progeny had 28), (fig. 
18). Comparatively few plants of the 
species are either entirely apomictic or 
entirely sexual in their modes of repro- 
duction, the majority of plants being 
about 20% sexual. Plants of intermediate 
tendencies are relatively common. It has 
been observed that there sometimes oc- 
curs in the same ovarian primordium a 
functional macrospore mother cell and a 
densely cytoplasmic nucellar cell similar 
to those found in apomictically repro- 
ducing forms. Usually one of these, or its 
descendants, will fail to survive, particu- 
larly so when one or the other is of ad- 
vanced development. When the develop- 
ment is synchronous or essentially so, 
embryos may form in both embryo sacs. 
The difference between the pair of twins 
in question (540-1), and their progenies, 
seems to be explained best in this man- 
ner. If the egg of the embryo sac having 
the gametophytic chromosome number is 
fertilized, a progeny of diploid plants 
would result. Because of the apparent 
heterozygosity of plants of P. pratensis, a 
highly or even totally diverse progeny 
would be expected. This is based upon 
the assumption that all fertile florets of 
a given plant contained reduced gameto- 
phytes, the eggs of which were fertilized. 
The egg cell of the somatic aposporous 
embryo sac might be stimulated to de- 
velop either a diploid embryo partheno- 
genetically or, if fertilization by a re- 


38 BOTANICAL GAZETTE 


duced gamete occurs, an embryo of 
triploid constitution. 

The breeding behavior of one set of 
twins (36-1) does not appear to fall 
definitely into any one single class. One 
plant of this set produced 41% aberrants 
compared with 72% for its mate. It ap- 
pears evident that both these plants 
carry intermediate to strong tendencies 
toward sexuality, and it is equally evi- 
dent that, though these tendencies are 
strong, neither plant is entirely sexual or 
strongly apomictic. In default of any 
better classification of the set, it is in- 
cluded here. 


TRIPLETS 


SIMILAR SETS.—The predominant 
plant type was similar in all three proge- 
nies from one set of triplets (34-1). The 
progenies contained 21.4, 30.0, and 
37.5% aberrants, respectively, for a, b, 
and c. Representative plants of the pre- 
dominant type of each of these progenies 
contained about the following chromo- 
some complements: + try + Im + 
42n (fig. 24), Im + 49 + 41 (fig. 25), 
and ty + 501 + 31 (fig. 26), respective- 
ly. These are interpreted to indicate the 
development of the triplet set from the 
eggs of three aposporous embryo sacs in 
the same ovule; or the development of 
embryos from all members of the egg 
apparatus of a single sac; or an inter- 
mediate combination of two embryos 
arising from members of one embryo sac 
and one from those of a second embryo 
sac. In any event, it appears unlikely 
that fertilization of the egg of any one of 
these took place. Had such fertilization 
been effected, there would perhaps have 
been a phenotypic as well as a cytologic 
difference expressed in the progeny from 
one member. There is evidence that fer- 
tilization is not necessary for embryo 
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development in apomictic biotypes of 
P. pratensis (2). 

DISSIMILAR SETS.—Progenies from 
two members of a set (599-1) of triplets 
were predominantly uniform and mor- 
phologically similar. A few of the plants 
(g-10%) of each of these progenies were 
aberrant. Sixty per cent of the plants 
from the third triplet were generally 
more vigorous and differed morphologi- 
cally from those of the sister members of 
the set. Characteristically, plants of the 
two similar members of the set had 
chromosome constitutions approximat- 
ing 42 (figs. 19, 20) compared with 
equivalents of 571 to 59u (figs. 21, 22) in 
individuals of the third progeny. This 
combination is essentially similar to sev- 
eral cases previously indicated for twins. 
The mode of origin of this set of triplets 
is a matter of conjecture. It is most 
probable that they arose from at least 
two embryo sacs, the only basis for this 
surmise being, however, that in no in- 
stance in this or in earlier reported 
studies have all members of the egg ap- 
paratus of a single embryo sac been seen 
to develop. Plant 14, one of the aberrants 
of the progeny (599-1) with 57-59 bi- 
valents, had approximately 421 (fig. 23). 
The most logical explanation of this 
plant would appear to be the fertilization 
of a reduced egg (56;) with a male 
gamete carrying 28 chromosomes. This 
would result in a plant with 2 = +84, 
which corresponds with the count made. 


Discussion 


Data presented in this paper clarify, in 
part at least, some of the problems that 
have arisen in connection with the chro- 
mosome numbers and the highly variable 
gross morphology of the different bio- 
types of P. pratensis. The most recent 
tabulation (2) of somatic chromosome 
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numbers reported for the species indi- 
cates a range of from 24 to +124, exclu- 
sive of calculated complements. In the 
same paper AKERBERG reported that a 
biotype from Germany had 2” = +130. 
Twenty-five of the numbers. were 
euploid, the remaining 127 being 
aneuploid. Graphically the distribution 
of the more definite chromosomal counts 
is a skewed trimodal curve with apices in 
the 49-56, 63-70, and 84-91 chromo- 
some-number classes. These apices each 
represent 38, 29, and 17 determinations, 
respectively. 

The combination of both sexual and 
apomictic modes of reproduction, cou- 
pled with free interpollination of bio- 
types and apparently weak genetic bar- 
riers, with all their possible interactions, 
appears to be a sufficient explanation for 
the chromosome and morphological di- 
versity of P. pratensis. 

Haploid plants of this species have not 
been extensively studied. Most reports 
concern chromosome number only. The 
single plant of this type (m = 14) con- 
sidered here was very weak. Subsequent- 
ly the plant proved to be sterile. This is 
not always the case. MUNTZING (7) found 
a haploid (w = 36) that produced a few 
seeds after self-pollination. Twenty-one 
of twenty-nine resulting plants examined 
had 36 chromosomes, one each had 29, 
34, 37, 49, and 52, and three had 35. 
Plants from seed of florets allowed access 
to open-pollination generally had from 
32 to 58 chromosomes. An analogous case 
was also presented for P. alpina. A some- 
what similar instance has been reported 
by KIrELLANDER (4) for open-pollinated 
P. pratensis. These examples are suf- 
ficiently illustrative of the diversity that 
may arise in progenies from plants with 
low chromosome numbers. 

Aside from the data given in this pa- 
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per, the writer is aware of chromosome 
counts only for the exceptionally high 
polyploids of the species. The reduced 
vigor and the accompanying sterility of 
the plant reported here suggest that this 
approaches or has reached the chromo- 
somal limits wherein fertility might be 
expected to exist. Examination of the 
germination records of other plants 
(252-4b and 599-1c) with high chromo- 
some numbers tends to support this opin- 
ion. In both cases relatively few seedlings 
developed from the seed of individual 
panicles. The seedlings of 599-1c were 
classified as of fair vigor and those of 
252-4) as poor. 

The synthesis of new chromosome and 
genetic combinations between the above- 
indicated extremes can apparently be ac- 
complished more or less successfully 
without serious detriment to the fertility 
of the resulting new combination. Apo- 
mixis, accompanied by sexual reproduc- 
tion in various proportions of florets, 
thus affords in some measure a mecha- 
nism for maintaining an unstable genetic 
and chromosomal condition in the bio- 
types. The end result of such a condition 
of reduction and accumulation of genetic 
factors and chromosomes can only be a 
multiplicity of forms and considerable 
diversity in breeding behavior. 


Summary 


Two groups of twin and triplet sets are 
considered. Twenty-four pairs of twins 
and two sets of triplets (group I) were 
grown to maturity from seedlings. The 
frequency of aberrants in progenies from 
three sets of twins was found to differ 
significantly. No such difference occurred 
between the progenies from the other 
twenty-one sets of twins or between 
those from the two sets of triplets. 

Forty-six per cent of a nonrandom 
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population (group II) of twin and trip- 
let sets differed in morphological char- 
acteristics. No significant differences 
were found between the number and the 
vigor of seedlings from members of mul- 
tiple sets. Likewise, no difference oc- 
curred between the same characters for 
identical compared with dissimilar sets. 

The frequency of aberrant plants was 
significantly different in progenies from 
two of the twin and one of the triplet 
sets. The gross morphology of the pre- 
dominant plant type in progenies from 
seven twin and two triplet sets was 
greatly different. 

It was concluded from the breeding 
behavior and the chromosome number in 
plants of progenies, and from two sets of 
twins, that multiple embryos had arisen 
in the following manners: (1) from the egg 
and a synergid of an embryo sac carrying 
the reduced chromosome number, one 
member of the egg apparatus developing 
parthenogenetically because of the stim- 
ulative effect of fertilization of the other; 
(2) from two embryo sacs in which the 
eggs (or an egg and a synergid) carrying 
the gametophytic chromosome number 


had been fertilized; (3) from the unfer- 
tilized eggs, or from an egg and a syner- 
gid, of embryo sacs that arose by somatic 


apospory ; (4) from eggs (or the egg and a_ 


synergid of one sac) of embryo sacs de- 
veloped through somatic apospory, one 
forming a diploid embryo and the other 
a tetraploid by somatic doubling of the 
dividing zygote; (5) from two egg cells or 
from an egg and synergid that arose by 
somatic apospory, one of which was fer- 
tilized, the other developing partheno- 
genetically; and (6) from the fertilized 
egg derived from a reduced macrospore 
and from an egg of an aposporous em- 
bryo sac. 

The observations are discussed in rela- 
tion to known breeding behavior of bio- 
types of the species and to the morpho- 
logical and chromosomal variation in 
naturally occurring populations of the 
species. 


The writer gratefully acknowledges 
the suggestions made by colleagues dur- 
ing the progress of this study. 
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THE ORIGIN OF MULTIPLE MACROGAMETO- 
PHYTES IN POA PRATENSIS* 


ETLAR L. NIELSEN 


Introduction 


There has been some divergence of 
opinion concerning the origin of multiple 
embryos in Poa pratensis L. This paper 
will consider briefly the scope of the prob- 
lem and indicate the conclusions ar- 
rived at by other workers. Additional 
data have been obtained and are pre- 
sented so that integrated conclusions 
may be reached. Confirmatory evi- 
dence from breeding behavior and chro- 
mosome numbers in plants from twins 
and triplets has been obtained and is 
presented for most of the types of 
gametophytes (and subsequent embryo 
development) observed or postulated 
from these cytological studies (10). 


Review of literature 


Individual seeds of P. pratensis some- 
times contain from one to three embryos 
(14). ZIMMERMAN accredits a Dr. HEIN- 
RICH with previously observing a large 
number of twin embryos and, in one 
case, three distinct seedlings developing 
from a single seed. ZINN (15) also noted 
polyembryonic seeds in P. pratensis, P. 
nemoralis L., and P. compressa L. 

Histologic sections of the developing 
ovules of P. pratensis were interpreted 
by NIsHrMuRA (11) to indicate the for- 
mation of plural embryos from a massive 
suspensor. “Two or even three buds may 
develop from the suspensor apparatus.”’ 
He also “observed where the nucellar 


t Results of co-operative studies between the Di- 
vision of Forage Crops and Diseases, U.S. Depart- 
ment of Agriculture, Soils and Agricultural Engi- 
neering, and the Wisconsin Agricultural Experiment 
Station, Madison. 
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cells in the vicinity of the micropyle gave 
rise to two or three bud-like out- 
growths.” These were seen in the antip- 
odal region wherein the massive sus- 
pensor was also a characteristic feature. 
Also, nucellar cells lateral to the embryo 
sac might form embryonic buds. Fre- 
quently the growth of the normal em- 
bryo sac was inhibited by the growth of 
the other embryos. These and other 
similar phenomena were thought to be 
associated with mechanical injury due to 
insect attack or to oviposition. 

ANDERSEN (2) found that twin embryo 
sacs arose from sister macrospores in 
P. pratensis. This work was done before 
the occurrence of apomixis had been sug- 
gested as occurring in Poa species. 

A haploid-diploid relation in P. palus- 
tris L. (P. serotina Ehr.) with 14 and 28 
chromosomes, respectively, was reported 
by KIELLANDER (6), who concluded that 
in this case the haploid developed from a 
reduced egg cell. Later he (7) isolated a 
set of triplets of P. pratensis, one mem- 
ber of which had 18 chromosomes. This 
subhaploid was partially fertile and, after 
open pollination, gave plants with 15~19 
chromosomes. 

An evident difference between apomic- 
tic strains in their capacities to form sev- 
eral embryos was found by AKERBERG 
(1). Two seedlings from a single seed fre- 
quently developed at different times and 
sometimes were quite diverse in appear- 
ance. Later they might appear to be 
phenotypically alike. Two haploid aber- 
rants (n= +24 and +29) differed 
greatly from the normal P. pratensis 
plants. 
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The frequency of seeds with twin and 
triplet embryos also varies with the 
North American strain of Kentucky 
bluegrass studied (3). Among the differ- 
ent ones observed, ARMSTRONG found 
that they produced 8, 11, 35, and 42%, 
respectively, of polyembryonic seeds. In 
his material he “frequently observed two 
EMC lying side by side in the prophase 
stage.”’ These were thought to develop 
into sister macrospores. 

TINNEY (13) found that two embryo 
sacs may arise independently from two 
differentiated nucellar cells, but he did 
not exclude the occurrence of haploids 
arising from reduced or haploid eggs or 
the development of triploids as a result of 
gametic union of an unreduced egg with 
a haploid male gamete. 

ENGELBERT (4) stated that twin em- 
bryo “sacs so commonly found in poly- 
ploid, polymorphic Poa species are, as a 
rule, developed one from a macrospore, 
the other from an aposporous cell.” 

Any of the haploid macrospores of 
sexual plants of P. alpina L. is capable of 
developing into an embryo sac, with 
more than one developing occasionally 
(5). It was concluded that there was no 
reason to assuine that somatic apospor- 
ous embryo sacs develop frequently in 
this species, as often is the case in P. 
pratensis. In the apomictic types of P. 
alpina the embryo sac is formed directly 
from the macrospore mother cell through 
mitosis, and, as a result, no reduced 
macrospores are formed. 

Multiple embryo sacs in P. pratensis 
may result in haploid-diploid and in 
diploid-triploid twins, thus indicating, in 
one case, the completion of the reduction 
divisions to form macrospores and, in the 
other case, the fertilization of the egg of 
an apomictically formed sac (8). 

The frequency of multiple embryo sacs 
varies from o to 63% in ovules of pre- 


[SEPTEMBER 


dominantly apomictic, intermediate, and 
sexual plants of Kentucky bluegrass (9). 
Apomictic types generally have higher 
percentages of multiple embryo sacs per 
floret than do sexual plants. 


Material and methods 


Fixations were made at 2-day inter- 
vals from the emergence of the tip of the 
panicle until anthesis, after which two 
additional fixations were made prior to 
seed ripening. The material selected for 
each fixation represented the apparently 
youngest to the most developed florets in 
several panicles. Later, spikelets of the 
various sizes and presumed ages were 
selected from each fixation for histologic 
study. The usual types of alcohol de- 
hydration and clearing solutions were 
employed. Sections were cut at 12-25 yn, 
depending upon the size or age of the 
florets. Staining was effected with either 
Haidenhain’s iron-alum or Delafield’s 
haematoxylin. 


Results 


DEVELOPMENT FROM TWO MACROSPORE 
MOTHER CELLS.—Occasionally two ad- 
jacent macrospore mother cells were ob- 
served in the regular position in the nu- 
cellus (fig. 1). This was especially true of 
one plant. The reduction divisions occur 
and two lineal tetrads of macrospores 
form. Following the regular pattern of 
events for sexual Kentucky bluegrass 
plants, two embryo sacs eventually de- 
velop (fig. 2). The probable consequence 
of this type of origin of plural embryos 
would be two dissimilar plants. Progenies 
from these would be expected to be 
highly diverse in plant type. 

DEVELOPMENT FROM TWO MEMBERS 
OF THE EGG APPARATUS.—This relation- 
ship perhaps is not widespread in P. 
pratensis owing in part to the frequency 
of apomictic reproduction in the species. 
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Evidence has been presented elsewhere 
(9) to show that the reduction divisions 
take place and that four macrospores re- 
sult therefrom, the chalazal one eventual- 
ly developing into the embryo sac. There 
is evidence that two members of the egg 
apparatus may sometimes develop, re- 
sulting in a haploid-diploid embryo rela- 
tion.? This is in accord with the data 
given in the companion paper (10) and 
also with that of earlier workers who 
have reported haploid-diploid relations 
in P. pratensis twins. There is no evi- 
dence that the egg apparatus shown in 
figure 3 represents this particular com- 
bination, since no single embryo sacs 
were observed with two proembryos or 
embryos wherein cells with analyzable 
mitotic-division figures could be found. 
It appears likely, however, that such was 
the origin of the haploid-diploid twin set 
described in some detail elsewhere (10). 
Although this is true, it remains possible 
that this twin relation may have arisen 
from two independent embryo sacs. 
Each of these would of necessity 
carry the reduced chromosome comple- 
ment; one would become diploid through 
gametic union, whereas the second would 
develop parthenogenetically because of 
the stimulative effect of fertilization in 
the mate. 

A second interpretation of figure 3 
would indicate the simultaneous devel- 
opment of an egg and a synergid of 
an embryo sac arising through somatic 
apospory. If such were the origin, the re- 
sulting plants would be expected to be 
either diploid-diploid or diploid-triploid. 
The former combination would be the 
result of the parthenogenetic develop- 
ment of the two cells in question, and the 
plants should be maternal in appearance 
and in progeny behavior. The second 


2 Relations refer to the total complements, not to 
n-numbers. 
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possible combination, diploid-triploid, 
would have to involve the fertilization of 
one member of the egg apparatus and the 
parthenogenetic development of the 
other. The resulting set of twins would 
probably be dissimilar, with the progenies 
of both members mostly constant. 

DEVELOPMENT FROM A MACROSPORE 
MOTHER CELL AND FROM A SOMATIC CELL 
OF THE NUCELLUS.—Enlarged, densely 
cytoplasmic, nucellar cells frequently are 
observed at the time of the meiotic divi- 
sions. Usually, the macrospore mother 
cell, or its daughter cells, shows definite 
indications of collapse when such en- 
larged somatic cells are. conspicuous. 
This is not always the case, however. 
Instances have been observed where the 
macrospore mother cells, or the chalazal 
macrospore, show no indication of necro- 
sis (fig. 7). It is usually in florets wherein 
the asexual and sexual embryo sacs, or 
their counterparts, are developing in an 
essentially synchronous manner that 
both members appear functional. Twin 
embryos, one from each embryo sac, 
would probably develop into phenotypi- 
cally different mature plants. Obviously, 
there is great likelihood that they will be 
different genotypically because of the 
apparent heterozygosity of the species. 
They would be either diploid-diploid or 
diploid-triploid, depending upon whether 
the egg of the somatic aposporous em- 
bryo sac developed parthenogenetically 
or as the result of gametic union. The 
progeny from the twin that traces back 
to the somatic cell, if aposporous repro- 
duction continues, would be expected to 
be essentially uniform and, if diploid, 
maternal in appearance. That of the other 
twin, from the fertilized, reduced em- 
bryo-sac egg, would likely differ pheno- 
typically and in breeding behavior from 
the maternal parent. 

It is desirable to indicate another pos- 
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sible combination from this type of mul- 
tiple embryo-sac development, for the 
egg cell with the reduced number might 
develop parthenogenetically as a result 
of the stimulative effect of the fertiliza- 
tion of the egg nucleus that arose through 
somatic aposporous processes. Plants 
produced from embryos that arose in this 
manner would be expected to be haploid- 
triploid, a combination that has not been 
found. Progenies developed from seed of 
the haploid, if fertile, would perhaps 
show considerable segregation. The plant 
from the triploid could be essentially like 
the maternal parent in breeding behavior 
but might be quite different phenotypi- 
cally. 

DEVELOPMENT FROM SEVERAL SOMAT- 
tC CELLS.—It is not uncommon to ob- 
serve, in ovules of Kentucky bluegrass, 
two or more enlarged nucellar cells in 
close proximity to the macrospore mother 
cell which is undergoing division (fig. 8). 
Usually, when such a condition occurs, 
there are readily recognizable ‘signs of 
collapse of the macrospore mother cell, as 
the figure illustrates. In other cases, how- 
ever, no evidence of necrosis was evident 
prior to mitosis in the outermost daugh- 
ter cell. Frequently, if not usually, the 
division of the innermost daughter cell 
does not proceed beyond metaphase or 
early anaphase. No instances were ob- 
served that could be definitely inter- 
preted as a macrospore and two or more 
somatic cells forming functional embryo 
sacs. Nevertheless, it is possible that such 
a development might occur. 

The phenotypic characteristics of the 
mature plants developed from multiple 


embryos from somatic cells would de- 
pend largely upon whether or not fer- 
tilization of the egg(s) occurred. If such 
was not the case, the resulting plants 
would probably be diploid-diploid and 
similar to the parent. Conversely, if one 
of the eggs was fertilized and the second 
developed parthenogenetically, the twins 
would be triploid-diploid and in all likeli- 
hood dissimilar, with the diploid one 
maternal in appearance. 

A third alternative should be recog- 
nized. It is possible that both, or even 
more, of the several egg cells could be 
fertilized by male gametes carrying di- 
verse factors. If this occurred, it would 
be logical to expect that the twins, or 
other multiple embryo combinations, 
would be dissimilar in morphological 
characteristics and be triploid-triploid. 

SUPERNUMERARY EMBRYO SACS.—The 
data in the preceding paragraphs pertain 
to readily classifiable types of plural 
“‘macrogametophytes,” such as are com- 
monlyencountered in P. pratensis. In ad- 
dition to these several distinct classes of 
multiple embryo sacs of a single ovule, 
other types of embryo sacs frequently 
develop. These appear to be secondary. 
It was not uncommon to observe these 
secondary embryo sacs, some of which 
are incomplete and essentially similar to 
those discussed and figured by HAKANs- 
SON (5). These structures consist of two 
or three antipodals and either one or two 
polar nuclei. Generally, these incomplete 
embryo sacs taper gradually toward the 
position generally occupied by the egg 
apparatus, which is missing in the defec- 
tive embryo sacs. Here it flares out some- 


Fics. 1-8.—Origin of multiple macrogametophytes in Poa pratensis: Fig. 1, two macrospore mother 
cells. Fig. 2, two embryo sacs. Fig. 3, egg apparatus showing dividing synergid nucleus and egg nucleus at 
prophase. Fig. 4, enlarged drawing of bud cell shown in figure 6. Fig. 5, three embryo sacs, one proximal at 
micropyle, others distal. Fig. 6, longitudinal section of ovule showing nucellar bud cell projecting 
into lumen. Fig. 7, two embryo sacs, four-nucleate one probably developing from macrospore and two- 
nucleate one from nucellar cell. Fig. 8, collapsing macrospore mother cell with two enlarged nucellar cells. 
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what and abuts upon a protruding base 
of several cells. Sometimes, however, 
these secondary embryo sacs are com- 
plete, i.e., containing three antipodals, 
two polar nuclei, and a regular three- 
celled egg apparatus. 

Although extensive material has been 
examined in an attempt to complete the 
gaps in the data at hand, the develop- 
mental sequence remains incomplete. It 
appears desirable, therefore, to record 
the observations that are fairly definite. 
Densely cytoplasmic nucellar cells sur- 
rounding the gametophytic cavity have 
been observed in the region adjacent to 
the confluence of the antipodals and the 
vascular strands, between the antipodals 
and the micropyle, and also on the op- 
posite side of the lumen. These regions, 
together with the antipodals proper, are 
the loci from which secondary embryo 
sacs commonly arise. In several ovules, a 
particularly densely staining cytoplasmic 
cell with an enlarged nucleus was ob- 
served to protrude into the gametophytic 
cavity (figs. 4, 6). Intervening stages be- 
tween this and the mature embryo sacs 
shown in figure 5 have not been observed. 
Multiple embryo sacs such as those illus- 
trated in the latter figure have been ob- 
served commonly. It seems probable 
that they may explain some of the in- 
stances in P. pratensis wherein proem- 
bryos and embryos are located proximal- 
ly and even distally to the micropyle in 
mature seeds. 

MACROSPOROGENESIS IN THE HAPLOID. 
Since earlier studies concerning macro- 
sporogenesis in P. pratensis have been 
limited primarily to biotypes of higher 
chromosome number, it was considered 
desirable to examine some of the mate- 
rial of the haploid plant isolated. In none 
of the limited number of sections avail- 
able for study were clear nuelear divi- 
sions found. Hence it must be assumed 
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from the study of the microsporocytes 
that the 2-number equaled 14. 

The macrospore mother cell, although 
smaller in size than those reported else- 
where for diploid plants (9), was similar 
in shape and in its position under one 
hypodermal layer of the ovule primor- 
dium (fig. 9). 

The type of cell with the single large 
nucleus as shown in figure 10 had not 
been observed previously. An ‘“empty”’ 
cell was located adjacent to the chalazal 
end of the cell. Usually, the embryo sac is 
binucleate before a large vacuole of the 
type shown in this figure appears. The 
embryo sacs shown in figures 11 and 14 
are relatively typical of those occurring 
in other Kentucky bluegrass ovules con- 
taining one embryo sac. Figure 18 is of an 
atypical embryo sac with a 3 to 1 dis- 
tribution of the nuclei. 

It is uncertain if the dark masses on 
the left of figure 12 are the remains of the 
daughter cells of the macrospore mother 
cell. The three uninucleate cells shown 
were no doubt derived from the nucellus, 
since they are mostly located under two 
tiers of cells of the latter. Figure 13 shows 
another of the atypical uninucleate- 
univacuolate cells and a second rather 
typical binucleate embryo sac. The eight- 
nucleate embryo sac of figure 15 is rather 
typical, as is the binucleate one. The 
uninucleate cell is univacuolate, and the 
three-nucleate one atypical. The nuclei 
of the latter differ in size with an accord- 
ingly increased number of nucleoli of 
from one to three. It differs from the 
other three members of the quadruplet 
embryo sacs in this respect. 

Only the four-nucleate one of the three 
embryo sacs shown in figure 16 is fairly 
typical. The upper member contains a 
giant nucleus. The number and grouping 
of the cells and nuclei are rather char- 
acteristic of Kentucky bluegrass in the 
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Fics. 9-18.—Macrosporogenesis in haploid Poa pratensis plant: Fig. 9, macrospore mother cell. Fig. 10, 
elongated, densely cytoplasmic cell in normal position of macrospore mother cell. Fig. 11, two-nucleate de- 
veloping embryo sac. Fig. 12, three enlarged, densely cytoplasmic, nucellar cells. Fig. 13, two embryo sacs 
developing, one uninucleate, the other binucleate. Fig. 14, four-nucleate developing embryo sac. Fig. 15, one-, 
two-, three-, and eight-nucleate developing embryo sacs. Fig. 16, three-nucleate, four-nucleate, and mature 
embryo sac. Fig. 17, two- and four-nucleate developing embryo sacs. Fig. 18, four-nucleate developing 


embryo sac. 


9 XS 
} 
n 
15 
14 
'S 
16 17 18 
ly 
a 
1g 


remaining mature embryo sac. The con- 
figuration is, however, quite abnormal. 

The two-nucleate macrogametophyte 
of figure 17 is quite representative of 
those in other plants of P. pratensis ex- 
amined. The type of the bottle-shaped 
member on the right had not been seen 
before. 

It is evident that macrosporogenesis 
can hardly be considered normal for the 
haploid of the species. Although this is 
true, some of the developing macro- 
gametophytes examined did not appear 
to be strikingly different in appearance 
from those of known fertile apomicts. 
Misshapen and odd-appearing embryo 
sacs that are apparently functional occur 
commonly in the species. The sterility of 
this plant was perhaps due to genetic fac- 
tors rather than to the more obvious 
cytological disturbances. 


Discussion 


The observations reported in this pa- 
per appear baffling when considered 
without the supplementary data derived 
from progeny studies from twin and 
triplet plants of the species (10). They 
give an impression of indeterminancy 
They become less confusing, however, 
when they are considered in light of the 
resulting mature plants and their proge- 
nies. When so considered, they aid mate- 
rially in explaining the great morphologi- 
cal variation and chromosomal diversity 
that prevails in the species. It is this rela- 
tionship that will be considered in the 
discussion rather than the more limited 
variations in macrosporogenesis. These 
will, however, serve as the basis of dis- 
cussion for each of the points considered. 

When sexual lines of the species are 
isolated, selected plants from their proge- 
nies will, for the most part, continue to 
yield highly, or even completely, diverse 
progenies. Exceptions occur wherein con- 
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stant phenotypic appearance in the sub- 
sequent progenies is due to genetic 
changes in the genome (9). The high inci- 
dence of sterility found in many sexual 
plants of the species affords a mechanism 
for the elimination of numerous types. 
When factors or tendencies for apomixis 
are present, and where sterility would 
otherwise ensue, the morphological type 
is maintained through asexual reproduc- 
tion. Numerous intermediate plants with 
tendencies toward both types of repro- 
duction also occur. It is with this inter- 
mediate class that the data of this paper 
are concerned primarily. 

It is thought from the material studied 
that apparently viable and plural em- 
bryos should develop essentially syn- 
chronously. In ovules where two or more 
embryo sacs commence development at 
about the same time, it would seem that 
the zygote most favorably located with 
respect to nutrient flow would develop at 
the expense of the other member or mem- 
bers. It is possible also that earlier initi- 
ated members may establish an advan- 
tage at the expense of other individuals 
in the same ovule. This interpretation 
would explain, in part, the existence of 
some of the numerous undifferentiated 
proembryos that are observed in mature 
or nearly mature seeds. Others might be 
ascribed to the presence of ‘‘supernumer- 
ary embryo sacs.” These proembryos 
and partially differentiated embryos may 
not develop to such an extent that they 
would be noticeable in germinating seeds. 

If the above deductions are valid, it 
follows that embryo sacs, or their initials, 
that are located somewhat equally with 
respect to the nutrient supply and devel- 
op in an essentially contemporary man- 
ner, would constitute the majority of the 
cases that develop plural embryos evi- 
dent at germination. It has been shown 
that both types of embryo sacs—i.e., 
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those that arise from macrospores (9) 
and those that arise from nucellar cells 
(9, 13, and others)—may be functional. 
This would offer a reasonable explana- 
tion of the marked polymorphism that 
prevails in the species. 

The divergence in gross morphological 
features of the progeny of a single sexual 
plant of P. pratensis may be consider- 
able. Some workers have suggested that 
the species is of hybrid origin; this ap- 
pears quite probable (9). SmirH, NIEL- 
SEN, and AHLGREN (12), after studying 
several thousands of plants, concluded 
that about 16% of all the plants studied 
were aberrants. The most plausible ex- 
planation of this condition would seem 
to be the recombination of genetic fac- 
tors due to sexual processes, the accumu- 
lation of factors due to the fertilization of 
asexually developed eggs by reduced 
male gametes, and internal chromosomal 
and/or genetic changes. 

Much evidence has been presented 
during the last fifteen years to indicate 
and to support the concept of main- 
tenance by apomixis of the morphologi- 
cal types of Kentucky bluegrass estab- 
lished through the indicated processes. 
The maintenance of the synthesized 
types occurs in about 84% of the total 
population of the species (12). This rep- 
resents the essentially stable apomictic 
but highly polymorphic complex of bio- 
types generally evident in the species. 
New combinations are being repeatedly 
formed in approximately 16% of the 
plants of the species. Some of these may 
become established. They may arise by 
any one of the processes indicated. Prin- 
cipally the aberrants may arise by the 
fertilization of eggs having the reduced 
number of chromosomes or by the fer- 
tilization of unreduced eggs produced as 
a result of somatic apospory. The forma- 
tion of haploids as a result of the devel- 


opment of an unfertilized member of the 
egg apparatus into an embryo and the 
formation of tetraploids through the 
somatic doubling of the dividing zygote 
may also occur. Where these are fertile, 
or at least partially fertile, they also 
serve as new points from which polyploid 
series of apomictic and sexual types may 
arise. In view of the facts concerning 
progeny behavior from twin and triplet 
plants, and the presumed modes of origin 
of macrogametophytes from which these 
arose, it is to be expected that numerous 
biotypes, divergent both in morphology 
and in chromosome number, will occur. 


Summary 


The origin of multiple macrogameto- 
phytes in Poa pratensis was studied and 
the results presented in relation to known 
breeding behavior of plants from both 
plural and single embryos. 

Eggs developed following meiosis may 
result in haploid-diploid and diploid- 
diploid relationships in the plural em- 
bryos and in the mature plants. The ori- 
gin of these plural embryos is (1) from 
two members of the egg apparatus and 
(2) from two macrospore mother cells. 

Embryo sacs developed from somatic 
or nucellar cells may form diploid- 
diploid, diploid-triploid, and diploid- 
tetraploid combinations of plural em- 
bryos and mature plants. The diploid- 
diploid combinations are considered to 
arise from two somatic egg cells or from 
an egg and a synergid of a single embryo 
sac that develop parthenogenetically. 
The diploid-triploid combination prob- 
ably arises in a similar manner; the egg 
of one embryo sac develops partheno- 
genetically, whereas that of the second 
develops as a result of fertilization by a 
male gamete carrying approximately the 
reduced chromosome number. Triploid- 
triploid combinations could form by the 
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fertilizing of two cells (two eggs or an 
egg and a synergid). The diploid member 
of diploid-tetraploid plural embryos 
might originate in the manner indicated 
previously for other combinations, the 
tetraploid by the parthenogenetic devel- 
opment of the egg with a somatic 
doubling of the chromosomes of the 
nuclear complement at the time of the 
zygotic division, or fertilization with an 
unreduced or restitution male nucleus, or 
with a high polyploid gamete. The chro- 
mosome complement of the male gamete 
would have to equal that of the egg nu- 
cleus. It is considered quite improbable 
that origin of tetraploids involving 
. gametes would be of common occurrence. 

Plural embryos were found to arise 
from reduced macrospores and nucellar 
cells in the same ovule. The embryos re- 
sulting from these would be diploid- 
diploid or diploid-triploid, depending 
upon whether fertilization of only the 
egg of the reduced macrogametophyte or 
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fertilization of all of the several members, 
reduced and unreduced, occurred. 

“Supernumerary embryo sacs’’ might 
develop from nucellar ‘‘bud” cells of the 
wall of the gametophytic cavity. These 
embryo sacs may be imperfect and non- 
functional, or they may be complete and 
account for some of the instances where- 
in proembryos or well-developed em- 
bryos are located at various positions 
other than at or near the micropylar por- 
tion of the seed. The observations are in- 
complete for such a manner of origin of 
plural embryos. 

Macrosporogenesis in the haploid 
plant was quite similar to that reported 
for the higher polyploids of the species. 
The sterility of this plant is undoubtedly 
due to genetic rather than to evident 
cytologic disturbances. 

DEPARTMENT OF AGRONOMY 


UNIVERSITY OF WISCONSIN 
MADISON, WISCONSIN 


LITERATURE CITED 


1. AKERBERG, E. Apomictic and sexual seed for- 
mation in Poa pratensis. Hereditas 25: 359-370. 
1939. 

2. ANDERSEN, A. Development of the female 
gametophyte and caryopsis of Poa pratensis and 
Poa compressa. Jour. Agr. Res. 34:1001-1018. 
1927. 

3. ARMSTRONG, J. M. A cytologic study of the 
genus Poa L. Canad. Jour. Res. (Bot. Sci.) 15: 
281-297. 1937. 

4. ENGELBERT, V. The development of twin em- 
bryo sacs, embryos, and endosperm in Poa 
arctica R. Br. Canad. Jour. Res. (Bot. Sci.) 
19:135-144. I94I. 

5. HAKANNSON, A. H. Die Entwicklung des Em- 
bryosacks und die Befruchtung bei Poa alpina. 
Hereditas 28: 25-61. 1943. 

6. KIELLANDER, C. L. Apomixis bei Poa serotina. 
Bot. Not. Pp. 85-95. 1935. 

7. ———. A subhaploid Poa pratensis L. with 18 
chromosomes and its progeny. Svensk. Bot. 
Tidskr. 36: 200-220. 1942. 


8. Minrzine, A. Further studies on apomixis and 
sexuality in Poa. Hereditas 26:115—190. 1940. 

g. NIELSEN, E. L. Cytology and breeding behavior 
of selected plants of Poa pratensis. Bot. Gaz. 
106: 357-382. 1945. 

10. ———. Breeding behavior and chromosome 
numbersin progenies from twin and triplet plants 
of Poa pratensis. BoT. GAZ. 108: 26-40. 1946. 

11. NISHIMURA, M. On the germination and the 
polyembryony of Poa pratensis L. Bot. Mag. 
(Tokyo) 36:47-54. 1922. 

12. SmitH, D. C.; NIELSEN, E. L.; and AHLGREN, 
H. L. A study of ecotypes of Poa pratensis L. 
Bor. Gaz. 108. 1946. (In press.) 

13. TINNEY, F. W. Cytology of parthenogenesis in 
Poa pratensis. Jour. Agr. Res. 60:351-360. 
1940. 

14. ZIMMERMAN, A. Ueber Polyebmryonie bei Poa 
pratensis. Archiv des vereins der Freunde der 
Naturgeschichte im Mecklenberg. Rostock. 
58:107. 1904. 

15. ZINN, J. Normal and abnormal germination of 
grass fruits. Me. Agr. Exp. Sta. Bull. 294. 1904. 


Th 
lishee 
some 
diagt 
laris, 
par t 
temy 
genu 
pon 
Cord 
Sam 
wing 
wide 
since 
foun 
tach 
ing | 
forn 
cons 
diag 
mor 
cart 
as a 
cept 
plat 
core 
car; 
can 
by. 
(12 
(1) 
(17 
Th 


Pic 

4 

4 

a 

str. 
vor 
ly 


ON CARDIOCARPON AND SOME ASSOCIATED PLANT 
FRAGMENTS FROM IOWA COAL FIELDS - 


FREDDA D. REED 


Introduction 

The genus Cardiocarpon was estab- 
lished in 1828 by BRONGNIART (3) for 
some carboniferous seeds which he 
diagnosed as “fruits comprimés lenticu- 
laris, cordiformis ou réniformes terminés 
par un pointe peu aigiie.”’ Subsequent at- 
tempts have been made to break up the 
genus by employing the term Cordaicar- 
pon for seeds known to be related to 
Cordaites and by including in the genus 
Samariopsis those forms in which the 
wing of the sarcotesta is particularly 
wide and membranaceous (19). However, 
since most of the seeds that have been 
found either are isolated and unat- 
tached to vegetative organs and in vary- 
ing degrees of preservation or are in the 
form of casts and impressions, there is a 
consequent lack of constant and definite 
diagnostic features. Therefore, until 
more information is available, Cardio- 
carpon remains, and is herein regarded, 
as a provisional generic term for the re- 
ception of carboniferous seeds which are 
platyspermic with an acute apex and a 
cordate or sometimes reniform base. 

More than seventy species of Cardio- 
carpon have been collected from Ameri- 
can coal fields and figured and described 
by NEWBERRY (14, 15, 16), LESQUEREUX 
(12, 13), Dawson (7, 8, 9, 10), ANDREWS 
(1), WHITE (21, 22), STOPES (20), Nok 
(17), GRAHAM (11), and DarRAH (5, 6). 
They have been found in geological 
strata ranging from the Upper De- 
vonian to the Permian, and geographical- 
ly throughout the range of carboniferous 
plants in North America. While rein- 
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vestigation would doubtless reduce the 
number of recorded species, there is sig- 
nificance, nevertheless, in their fre- 
quency and in their wide geological and 
geographical range in that both factors 
indicate for Cardiocarpon-bearing plants 
an important, if not a dominant, place 
in paleozoic floras. 


Material and methods 


This investigation is based upon two 
collections of Cardiocarpon from differ- 
ent localities of Iowa. The collections 
were similar in their mode of preserva- 
tion in that the seeds were imbedded in 
calcareous shale. Moreover, the matrix 
was of such nature that a blow with the 
rock hammer would shatter it along the 
cleavage planes into thin flattish pieces. 
The cleavage planes almost invariably 
coincide with the flat side of the seed 
(fig. 1). By so shattering the rocks not 
only were the seeds revealed but the rock 
was rendered into pieces of workable 
sizes without having to section it. 

In some instances the seeds were dis- 
sected out, coated with cedar oil, which 
provides a good reflecting surface, and 
examined for any superficial markings by 
means of reflected light. The internal 
structure was determined by grinding 
the specimens, and at successive levels 
the surface was polished and the cellular 
detail was recorded in a series of camera- 
lucida drawings. 

Other specimens were left in situ, 
and the surrounding matrix was ground 
and polished with the seed. This latter 
method, although slower, had two dis- 
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Fics. 1~3.—Cardiocarpon. Fig. 1, impression of Cardiocarpon in shale. About natural size. Fig. 2, almost 
median section of Cardiocarpon: sa, sarcotesta; sc, sclerotesta; if, inner fleshy layer; 7, nucellus; ¢, tent pole 
of endosperm; m, megaspore membrane; a, archegonia. Figs. 3, 4, tangential and transverse sections showing 
irregular development of sclerotesta. Fig. 4.4, median longitudinal section showing fern sporangium within 
megaspore membrane: sp, sporangium. Fig. 4B, sporangium in detail. 
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tinct advantages: first, any organically 
attached structures were preserved and 
salvaged, and, second, such preparations 
revealed the structure of other inter- 
mingled and associated plant fragments. 
The latter are interesting of themselves 
and often furnish clues for the interpre- 
tation of the particular specimen that is 
under investigation. 


Investigation 


CoLLection I.—These seeds were col- 
leeted by Harotp ALEXANDER, whose 
account of their origin is as follows: 
“These specimens are from the rock dump 
at the mine of the Iowa-Nebraska Coal 
Co., southwest of Lucas, Iowa. This is 
located in S.W. } of section 23, Jackson 
township, in the southwestern portion of 
Lucas County. This mine was closed in 
1925 and the workings are now full of 
water .... this mine worked the ‘lower 
coal’ which lies within the Cherokee 
group of the Pennsylvanian system... . 
It is interesting to note that these speci- 
mens are from a locality only about 
twenty miles removed from where the 
first petrified Lepidostrobus was found.” 

Altogether there were about thirty 
specimens of Cardiocarpon in this collec- 
tion. Some of them are little more than 
casts of the endosperm, whereas others, 
with their integuments more or less in- 
tact, are imbedded in calcareous shale 
and are intermingled with such other 
plant particles as fragments of wood, 
leaves, rootlets, sporangia, and spores. 

These platyspermic seeds are bilateral- 
ly symmetrical. The two planes of sym- 
metry have been designated by Mrs. 
ARBER (2) as the “primary plane,” which 
is the broad plane, and the “secondary 
plane,” which is at right angles to the 
broad plane. The specimens show some 
variation in size; the dimensions, ex- 
cluding the integument, may range from 


7 to 10 mm. broad, from 2.5 to 5 mm. 
thick, and from 5 to ro mm. long. The 
integument as seen in any plane is ap- 
parently a uniform layer increasing all 
dimensions by about 1 mm. 

Sections of the seed reveal three dis- 
tinct layers of the integument: the outer 
fleshy layer, or the sarcotesta; the stony 
layer, or sclerotesta; and an inner, less 
well-defined layer of elongated cells here 
referred to as the “inner fleshy layer.” 

The sarcotesta is not preserved in its 
entirety. For the most part the outer 
limiting cells have disappeared, leaving 
no hint as to the actual extent of the 
layer; occasionally, however, the epi- 
dermis, or what appears to be epidermis 
is encountered (fig. 6). Figures 7, 8, 9, 10, 
and 11 show details of the sarcotesta at 
different levels and in different planes. 
The cells are relatively thin-walled and 
isodiametric; those abutting the sclero- 
testa are smaller in diameter, and from 
this region to the periphery they become 
increasingly larger. Large cells with dark 
content, as the one shown at m in figure 
6, are scattered sparingly and at random 
throughout the sarcotesta and appear to 
be mucilage bearing. Toward the micro- 
pylar region the cells become thicker 
walled, progressively elongated, and seem 
to focalize at the apex (figs. 10, 11). 

The sclerotesta consists of exceedingly 
thick-walled, roughly isodiametric cells 
(figs. 7, 8, 9, 11). In common with some 
other described specimens of Cardio- 
carpon (11, 5), the stony layer is irregu- 
larly developed, with the irregularities 
forming spiny projections extending into 
the sarcotesta (figs. 2, 3, 4A, 5). 

The inner fleshy layer is the most diffi- 
cult to interpret, for the limitations of 
the cell walls are obscure. Moreover, in 
this zone it is not always possible to dis- 
tinguish between the cells of the inner 
fleshy layer and those of the closely ap- 
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Fics. 6-12.—Cardiocarpon. Fig. 6, portion of sarcotesta: e, epidermis; mi, mucilage ce 


tails of integument. Fig. 12, surface view of tapetal cells. 
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plied nucellus. There is no positive evi- 
dence that this is a zone of vascular tis- 
sue, yet some of the elongated cells have 
the appearance of parenchymatous cells 
of the type that accompany vascular ele- 
ments. There is also an occasional hint of 
scalariform markings on some of the 
walls. 

In the genus Cardiocar pon the nucellus 
and integument have been found to di- 
verge near the base of the ovule. In these 
specimens the course of the nucellus, 
while it cannot be followed with cer- 
tainty, does not appear to differ from 
other members of the group. The tapetal 
cells form the most conspicuous and 
characteristic layer of the tissue. Often 
they are to be seen separated from the 
rest of the nucellus and in contact with 
the megaspore membrane. The cells are 
elongated in the long plane of the ovule 
and appear to have been filled with some 
substance that has been preserved as 
dark-brown material. This material has 
the same configuration as that of the cells 
but does not extend to the walls (fig. 12). 
In these specimens there is no indication 
of the general structure and nature of the 
pollen chamber. 

As in other paleozoic seeds the mega- 
spore membrane is thick and conspicu- 
ous. In a few specimens there has been 
some shrinkage of the membrane, but in 
many seeds it appears firm and round 
and apparently outlines faithfully the 
shape and extent of the female gameto- 
phyte or endosperm. The endosperm as 
outlined by the megaspore membrane is 
slightly broader than long and at the 
micropylar region formed a beak, the 
“tent pole” of Ginkgo and of the Cardio- 
carpales, extending into the pollen cham- 
ber. There are occasional instances of 
tissue which may be endosperm (fig. 2), 
but most of the tissue within the mem- 
brane is obviously intruded material, as 
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the sporangium in figure 4A sp, or the 
rootlet in figures 13A, 14, and 15A. For 
the most part the endosperm has been re- 
placed with mineral matter, mostly cal- 
cium carbonate, leaving only the faintest 
remains of the original organic structure. 

The seed, which has been figured pre- 
viously (18) and shown here in figure 2, 
presents an interesting study. The mega- 
spore membrane of this specimen seems 
intact, and there is no indication of in- 
vaded foreign material. The region of the 
endosperm is almost completely mineral- 
ized, with indistinct light-brown mark- 
ings representing the organic material. 
Just below and at either side of the tent 
pole are two more or less defined areas 
bounded by delicate brown lines and 
each containing a somewhat dense, cen- 
trally located body. The position and size 
of these areas strongly suggest the cen- 
tral cells of archegonia with the dense 
bodies as their nuclei. While the mark- 
ings which represent the organic struc- 
ture of the endosperm appear to be deter- 
mined by crystallization rather than by 
the position of the original cell walls, yet 
it is possible that the process of crystal- 
lization may have been influenced by 
the density of the protoplasm in which 
the mineral was being precipitated. 
Since, by analogy with extant gymno- 
sperms, there would be a decided varia- 
tion in the density of the central cell and 
the surrounding cells of the endosperm, 
it seems highly probable that these 
bodies replace and, therefore, record the 
position of the archegonia. Further- 
more, that the presence of these areas 
was not wholly fortuitous is attested by 
the fact that the same topography was 
observed in the endosperm of more than 
one ovule. As was suggested in the former 
article (18), if one assumes a parallel de- 
velopment of the endosperm of Cardio- 
carpon with that of Ginkgo, then the two 
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Fics. 13-15.—Cardiocarpon, series of diagrams showing position of rootlet within region of endosperm: sur 
r, rootlet; str, stele of rootlet. Figs. 13B and 15B are details of rootlet from Figs. 134 and 15A, th 
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dense bodies would occupy the position 
of the nuclei of the fertilized eggs. Were 
they the egg nuclei, that is, before 
fertilization, one would expect to find 
them at the micropylar end of the central 
cell rather than centrally located as 
these appear to be. 

Another interesting specimen is the 
one shown in figures 13A, 14, and 15A. 
During the process of grinding down this 
seed there was observed within the mega- 
spore membrane some plant tissue, as 
shown in figures 13B and 15B. The shape 
and position of this tissue, together with 
the general aspect of the cells composing 
it, suggested that it might be embryonic 
and that it might be either a tangential 
section through a cotyledon or perhaps 
through the hypocotyl. From this stage 
on the grinding proceeded slowly, and 
the median plane was approached cau- 
tiously. Observations and drawings were 
made at intervals of 10-204. When 
the median plane was reached, the 
seed was turned over and ground from 
the opposite side until the “tissue” was 
visible; then the specimen was mounted. 

The two faces of the finished prepara- 
tion (figs. 13A, 154A) conclusively demon- 
strate that the ‘‘tissue”’ is not an embryo 
or pieces thereof but is an intruded root- 
let. Also these two faces not only reveal 
the nature of the rootlet but indicate its 
course through the endosperm—a course 
that is corroborated by the serial draw- 
ings made during the progress of the 
preparation. In figure 15A a tangential 
portion of the rootlet is shown in the re- 
gion of the nucellus where it had appar- 
ently entered from the micropyle; figure 
15B is a detail of this portion. From this 
region the rootlet appears to have pur- 
sued a downward but winding course. In 
the plane illustrated in figure 14 there is 
a rupture in the megaspore membrane, 
and the rootlet is seen partly within the 


confines of the endosperm. Again, in 
figure 13 the portion at 7 is wholly within 
the endosperm, and its winding or bend- 
ing course is further indicated. The tor- 
tuous position of the rootlet provides 
both tangential and radial views of it in 
one plane of the seed. The cellular pres- 
ervation is so incomplete, however, that 
there is only a suggestion of its anatomy. 

Despite the lack of conclusive evidence 
there are certain observable facts with 
regard to this tissue: (a) it is one contin- 
uous organ from the region of the micro- 
pyle through the nucellus and mega- 
spore membrane, into and winding 
through the endosperm; (6) throughout 
its length a uniform diameter is main- 
tained; (c) only primary tissues are ap- 
parent, with little evidence of matura- 
tion of cells; and (d) the incipient vas- 
cular elements are apparently central. A 
summation of these facts seems to estab- 
lish the identity of this tissue as being 
that of an intruded rootlet. 

If further evidence were needed, it 
seems amply supplied by the masses of 
apparently inextricable rootlets of com- 
parable dimensions and anatomy which 
are sometimes observed in the matrix 
exterior to the seeds and by the fact that 
there are other recognizable intruded 
plant fragments, as the sporangium 
shown in diagram in figure 4A and in de- 
tail in figure 4B. 

Cottection II.—The pieces of cal- 
careous shale of this collection were kind- 
ly and generously supplied by L. R. WIL- 
son of Coe College. He writes of their 
source: “‘The material was collected from 
the strip mine of the What Cheer Clay 
Products Company. The Iowa Geological 
Survey does not seem to have studied the 
section very thoroughly in the vicinity of 
What Cheer, Keokuk County. However, 
its position in the Des Moines Series ap- 
pears to be rather low.” 


Of this material, there were dozens of 
flattish pieces of limestone, each one 
studded with two or more seeds. In one 
piece, which was about 3 inches square 
by 3-4 inch thick, portions of fifteen dif- 
ferent seeds were exposed, and, upon 
grinding the piece of rock still others 
were revealed. Intermingled with Cardio- 
carpon were layers of leaves and some 
stem apices, both of which appear to 
be of Cordaitean origin, as well as nu- 
merous other pieces of roots, stem, spo- 
rangia, and spores. 

More than a hundred seeds have been 
examined and have been observed in al- 
most as many planes. In their size, their 
gross topography, and their internal 
anatomy, in so far as it could be deter- 
mined, these specimens bear a striking 
resemblance to those of the former col- 
lection. Only those seeds or such por- 
tions of them possessing certain features 
that make a contribution to our knowl- 
edge of the group will be described. 

Many specimens were found with the 
integument apparently intact, and from 
them it was possible to get good views 
of the sarcotesta and the characteristics 
of the several layers of cells composing 
it. In a surface view the epidermal cells 
appear golden brown, but in section the 
material responsible for it is clearly 
shown to be limited to the outer or super- 
ficial walls of the cells, and, therefore, it 
is thought to represent the cutin (fig. 16). 
With one exception the remaining layers 
of the sarcotesta, both in extent and in 
size of the cells, are similar to the com- 
parable layers of the seeds described 
above. The exception is in the elongated 
cells adjacent to the sclerotesta (figs. 19, 
20). While no markings were observed 
on the walls of any of these elongated 
cells, it is thought that they indicate the 
presence and position of vascular ele- 
ments in the outer fleshy layer, as shown 
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in the reconstruction (fig. 26). Moreover, 
these elongated cells are apparently con- 
fined to narrow zones or discrete strands, 
for in most places the cells of the inner- 
most layers of the sarcotesta are not 
elongated but are isodiametric (figs. 
7,9). 

The sclerotesta (figs. 19, 20, 21, 22), in 
the size of the cells composing it, in its 
extent, and in its configuration, is in gen- 
eral aspect conformable with that layer 
of the former specimens; still, some addi- 
tional features are revealed because of 
the more complete preservation. For 
most of the extent of the sclerotesta the 
cells are isodiametric, but about the 
chalazal region and again in the vicinity 
of the micropyle they are irregular, some- 
what elongated, and interlocking. Nor 
are the cell walls always as thick as is 
shown in figures 19 and 20, in which the 
lumen, in section, appears to be reduced 
to a narrow slit or is almost nonexistent. 
Occasionally an ovule is encountered in 
which, throughout the region of the 
sclerotesta, the walls are much less thick 
and the lumen is a generous proportion 
of the cell (fig. 22). 

Elongated cells characterize the inner 
fleshy layer, as was described above 
(fig. 20). This tissue is demonstrated to 
be more extensive than was evident in the 
former specimens, for it not only com- 
pletely surrounds the nucellus but ex- 
tends into and lines the micropylar canal 
(figs. 18A, 18B). 

In a number of instances there is very 
good evidence of the divergence of the 
integument and the nucellus, and in each 
case the pattern conforms to that shown 
in the reconstruction (fig. 26). Not only 
is there very little preservation of the nu- 
cellar tissue, but the few remaining cells 
show considerable disintegration, as if the 
layer had broken down before petrifac- 
tion occurred; there is evidence of a 
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Fics. 16-22.—Cardiocarpon. Fig. 16, surface view of epidermal cells of integument. Fig. 17, tangential 
section through sarcotesta. Fig. 184A, diagram of micropylar region of integument. Fig 18B, detail of 
inner fleshy layer from A: mic, micropyle; el, elongated cells of integument which line micropylar canal. 
Figs. 19, 20, sections through integument: es, elongated cells of sarcotesta; if, inner fleshy layer. Fig. 22, por- 
tion of sclerotesta from seed in which walls of sclerotesta were not so thick. 
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prominent nucellar beak (figs. 18A, 26). 
The tapetal cells of the nucellus verify 
the description recorded for that layer 
from the seeds of collection I. 

Almost every specimen examined, 
whatever the degree of preservation, has 
some portion of the pronounced mega- 
spore membrane (figs. 23A, 25, 26); and 
in many of them it appears to be intact. 
Within the megaspore membrane there 
is no tissue that is manifestly megagame- 
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tophyte, nor is there any tissue that can 
be demonstrated as being embryo. 

In some instances there is within the 
megaspore membrane some organic ma- 
terial which is conceivably endosperm. 
There is some indication of cellular or- 
ganization of this material, but it is with- 
out cell walls and is of such an amorphous 
nature that no clue is left as to its orig- 
inal structure (fig. 24). 

It is both interesting and curious that 


Fics. 23-24.—Cardiocarpon. Fig. 23A, rootlet in region of endosperm. Fig. 2 3B, detail of rootlet in longi- 
tudinal section. Fig. 23C, rootlet iff transverse section. Fig. 24, portion from tangential section showing 
indication of cellular organization of endosperm: en, endosperm. 
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in fully half these seeds there were 
lengths of rootlets which, in their propor- 
tions and in their structure, in so far as 
they are demonstrable, are comparable 
to the one shown in figures 13, 14, and 
15. In some specimens only a few short 
lengths were visible, whereas in others 
long pieces of rootlets apparently wound 
around and back and forth throughout 
the region of the endosperm (fig. 23A). 
Again, some rootlets are clearly within 
the megaspore membrane (fig. 23A), 
while others are found inserted between 
the integument and nucellus. Moreover, 
in some cases the rootlets seemed to have 
entered from the micropyle; in others 
pieces of rootlets are associated with rup- 
tured places in the integument near the 
chalazal end of the ovule, as if they had 
made their entrance or exit from that re- 
gion. Regardless of its position within the 
ovule or of its fragmentary condition, the 
rootlet maintains a constant diameter 
and apparently uniform structure (figs. 
23B, 23C), thereby removing any possi- 
bility of its being regarded as an embryo 
or portion thereof. 


SOME ASSOCIATED FRAGMENTS 


CORDAITEAN LEAVES.—Of the associ- 
ated plant fragments, the most conspicu- 
ous and the most abundant were some 
leaves of Cordaites. These were found 
stratified throughout the pieces of lime- 
stone and were arranged layer upon lay- 
er. Their size, parallel venation, and the 
longitudinal strands of sclerotic cells es- 
tablish these leaves in the genus Cor- 
daites, but beyond that the preservation 
is too meager to admit specific identifica- 
tion. Nevertheless, certain features are 
worthy of record because of their value 
in subsequent investigations and also be- 
cause these leaves may prove to be a 
link in establishing the identity and 
structure of the vegetative organs that 


produced the above-described speci- 
mens of Cardiocarpon. 

The leaves were relatively large. Some 
of the pieces had a constant width of 
about 1 inch for 2 or 3 inches in length, 
and they must then have been much 
longer. Preservation was limited to the 
sclerotic and cuticularized cells, and it is 
the latter that provides the pattern of 
the epidermis (fig. 27). Areas like the 
one shown in figure 27 are extremely lim- 
ited, but they do indicate two character- 
istics of the epidermis: (a) there is a 
definite and regular arrangement of the 
stomata and (b) in surface view the 
guard cells are not visible; therefore, the 
stomata must have been sunken. 

STEM APEX.—A few stem apices were 
encountered, one of which is shown in 
figure 25. No stem tip was found in or- 
ganic connection with the Cordaitean 
leaves or with the specimens of Cardio- 
carpon, yet all three—the stem tip, the 
mature leaves, and the ovules—have cer- 
tain cell characteristics in common, and 
it is believed that all may have been part 
of one plant. As in the case of the leaves 
there is so little preservation that only 
the general topography of these stem tips 
is evident. The closely imbricated ar- 
rangement of the small leaves or bracts 
indicates that these tips were buds. Some 
buds appear to be strictly vegetative, 
while interspersed among the append- 
ages or bracts of other tips were micro- 
sporangia filled with innumerable micro- 
spores. 


Discussion 


These specimens of Cardiocar pon seem 
to be conformable, in so far as they are 
preserved, with Cardiocarpus spinatus 
Graham, a species based upon two speci- 
mens from Richland County, Illinois 
(rz). Darran (5) has described some 
similar seeds from the vicinity of Wau- 
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Fics. 25-29.—Figs. 25, 26, Cardiecarpon. Fig. 25, proximity and relative size and proportions of Cardio- 
carpon and vegetative tip of Cordaites. Fig. 26, reconstruction of median longitudinal section. Fig. 27, portion 
of epidermis of Cordaites leaf: sto, stoma. Figs. 28, 29, some associated fern sporangia. 
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kee, Iowa; and, while he employs the 
generic term Cordaicarpus instead of 
Cardiocar pus, he believes his specimens 
to belong to the same genus and species 
as those described by GRAHAM. However, 
inasmuch as GRAHAM’s specimens were 
incomplete and his specific term was de- 
rived from the spiny character of the 
stony layer of the integument, a char- 
acter which would not be visible if the 
seed were entire, it seems questionable 
whether the term spinatus is appropri- 
ate. Furthermore, both NEWBERRY (14, 
15, 16) and LESQUEREUX (12, 13) have 
figured specimens of Cardiocar pon which, 
from the illustrations, are so much like 
the recently described ones that a com- 
parative study would doubtless provide 
an already established specific name. The 
descriptions of the earlier investigators 
did not include cell structure and anat- 
omy but were based upon superficial char- 
acters of size, shape, and markings. By a 
comparison of such superficial characters, 
the above-described specimens appear 
strikingly like Cardiocarpus affinis Lesq. 
Therefore, except for retaining BRONG- 
NIART’S (3, 4) generic term Cardiocar pon, 
the same name, Cardiocarpon affinis 
Lesq., is here provisionally applied. 


Summary 
1. The plant fragments herein de- 
scribed were found in two collections of 
shaly limestone. Both collections were 
from the Upper Carboniferous: collec- 


tion I came from a coal mine near Lucas, 
Iowa; collection II, from a strip mine in 
the vicinity of What Cheer, Iowa. 


2. Of the plant fragments in both col- 
lections, Cardiocar pon was the most con- 
spicuous. The description and recon- 
struction of Cardiocar pon are based upon 
an investigation of more than a hundred 
different specimens. 


3. No specimen of Cardiocarpon was 
found attached to vegetative organs. 
They are cordate, platyspermic seeds and 
measure about 1 cm. wide, by 1 cm. long, 
by 5 mm. thick. There is a single integu- 
ment of three layers: sarcotesta, sclero- 
testa, and inner fleshy layer. There is 
evidence of a double vascular system, 
one series in the sarcotesta and one in the 
inner fleshy layer. 

4. Some specimens appear to have 
archegonia. Within the endosperm of 
many of them there is extraneous and 
intruded plant tissue. 

5. These specimens are apparently 
conformable with Cardiocarpon affinis 
Lesq., and, as such, have been provision- 
ally designated. 

6. The associated fragments are: 
leaves of Cordaites; stem tips with buds, 
in some of which are found microsporan- 
gia, of Cordaites; some unidentified root- 
lets; and some unidentified fern spo- 
rangia. 
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CONTROL OF FLOWER FORMATION AND 
FRUIT SIZE IN THE PINEAPPLE 


J. VAN OVERBEEK‘* 


Introduction 


Auxins affect, and under certain con- 
ditions control, a variety of physiological 
processes. Among these may be men- 
tioned elongation of stems, formation 
and growth of roots, development of 
lateral buds, abscission, water uptake, 
protoplasmic streaming, and enzymatic 
processes. In general, one may say that 
auxins exert their effects on higher plants 
as a whole rather than on a specific 
group or species. An exception seems to 
be flower induction in the pineapple. It 
has been shown, so far, that only this 
plant and perhaps some other brome- 
liads? respond to these substances by 


t The assistance of Héctor J. Cruzapo, ELBA 
SANTIAGO DE VAzQuEz, and GUILLERMO DAVILA is 
gratefully acknowledged. 


2 Billbergia and some other bromeliads respond to 
ethylene (4), as do pineapples (8, 3). 


forming flowers. The possibility exists, 
however, that auxins have a general role 
in flower formation, even though this has 
not been demonstrated as yet. It was 
therefore felt that a study of flowering in 
the pineapple might give rise to informa- 
tion applicable to the control of flowering 
in general. 

The fact that auxins do not induce 
flowering when applied to most plants 
could be interpreted as a lack of relation- 
ship between auxin and flowering. But it 
has been shown (11) that applications of 
auxins to cuttings are without effect 
unless they can act co-ordinately with 
substances produced by the leaves. 
These substances were later identified as 
certain sugars and nitrogenous com- 
pounds (13). In other words, the part 
auxin plays in floral initiation may be 
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masked by the absence of other requisite 
factors. 

LOWER FORMATION IN THE PINEAPPLE 
PLANT.—During its vegetative phase of 
growth, the axis of the pineapple plant 
remains short, and the apex continues to 
produce foliage leaves. Without treat- 
ments this vegetative apex may change, 
during the winter months, into one which 
produces an inflorescence. A description 
of this process has been given by CooPER 
(3). When flower formation takes place, 
the formation of foliage leaves is halted 
and the axis begins to elongate (fig. 1). 

One may distinguish between pine- 
apple varieties of which a large per- 
centage of the plants flower at normal 
flowering time and others which are char- 
acterized by a low percentage of flower- 
ing. Among the first the Red Spanish, the 
principal commercial variety in Puerto 
Rico, may be named. During the winter 
season not only all mature plants but 
also many immature plants flower. The 
flowering of immature plants is highly 
undesirable. 

The Cabezona is a variety of the op- 
posite type. During the flowering season 
only a relatively small percentage of the 
mature plants flower, and rarely is a 
flower formed on an immature plant. In 
our experience the Cabezona flowers 
very infrequently during the first year 
after planting, about 25% of the plants 
produce flowers during the second year, 
and the remaining plants, although of 
mature size and capable of bearing large 
fruits, will produce in later seasons. It is 
not uncommon to find plants which pro- 
duced their first fruit during their fifth 
season. This natural tendency to limited 
flowering makes the Cabezona highly 
suitable for experiments with flower- 
inducing substances. Delayed flowering 
is a liability from the commercial stand- 
point at present, but this characteristic 


can be turned into an asset, as will be 
shown in the discussion. 


Methods 


The Cabezona, which is the commer- 
cial variety of the Lajas Valley, was used 
for the experiments here reported. Pre- 


Fic. 1.—Different stages of elongation of axis of 
Cabezona pineapple. Plants 27 months old. Leaves 
stripped. Left, vegetative stage. Center, early 
(natural) flowering stage, about 7 weeks after flower 
initiation. Right, 3 months and 20 days after treat- 
ment with 10 p.p.m. naphthaleneacetic acid (NA). 
Photo, December 26. 


liminary experiments were carried out at 
Mayagiiez, but the bulk of the work was 
done at the Ortiz’ farm at Lajas. There 
the average rainfall is 29 inches annually, 
with a dry season occurring during the 
winter and spring months (5). The plants 
were 14 months old when the work was 
begun and 28 months old when the pres- 
ent experiments were terminated. 


3 The author is indebted to Dr. A. OrtTIz RoMEv, 
who generously made part of his best plants avail- 
able for experimentation. 
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Applications of flower-inducing sub- 
stances were made to the center of the 
plant. Each plant was treated only once. 
In the early experiments a pressure 
spray pump was used, and leaves around 
the center were also sprayed. In later ex- 
periments the solutions were poured in 
the center of the plant with a small 
beaker. In both instances 50 cc. were 
applied per plant. The use of Carbowax 
added to the solutions was found to be of 
no benefit. Nontreated controls alter- 
nated with treated plants in every row. 
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MONTH OF TREATMENT 


Fic. 2.—Flower induction in Cabezona pineapple 
throughout year by single treatment with naph- 
thaleneacetic acid (NA). Each plant received 50 cc. 
of solutions. Plants were 2 years old (after planting) 
in September, 1945, when last treatment was made. 
Each point represents average of 40-50 plants. 


f Naphthaleneacetic acid (NA) was the 
principal compound used. An aqueous 
stock solution of 0.1% was carried to the 
field, where further dilutions were made 
with distilled water. The acid of this 
stock solution was neutralized with 
KOH, NaOH, or NH,OH in order to 
prevent the NA from crystallizing. No 
difference in flower-inducing ability was 
found between the K, Na, or NH, salts 
of NA, or between the salt and the acid. 
Another series of experiments was per- 
formed using 2,4-dichlorophenoxyacetic 
acid (2,4-D), neutralized as indicated 
above, as a flower-inducing agent. 
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Observations were made once per 
month, and counts for flowering were 
made 2 months after treatment. All 
fruits mentioned were first fruits and not 
ratoons. When statistical analyses were 
made, the methods outlined by SNEDE- 
COR (9) were followed. 


Fic. 3.—Flower formation in Cabezona pineapple 
7 weeks after treatment with 10 p.p.m. NA. At time 
of treatment plant was 24 months old. Photo, 
November 12. 


Results 


RESPONSE TO FLOWER-INDUCING AGENTS 
THROUGHOUT THE YEAR 


When the investigations were begun, 
no data on flower induction by means of 
chemical treatments throughout the dif- 
ferent seasons were available. From 
Hawaii a single case was reported in 


_which flowering 4 months ahead of the 


normal time was obtained (1), and from 
Florida it was reported that NA treat- 
ments given during July, August, and 
September were not successful, while 
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those given during October were (2). As 
has been shown in a preliminary note 
(ro) and in figure 2, NA will induce 
flowers in every month of the year. 
Throughout the year the plants re- 
sponded with great regularity to 10 


Fic. 4.—Fruit of Cabezona pineapple at harvest 
(December 19; out of season) 5 months after treat- 
ment (July 21). At harvest, plant was 27 months old, 
had 40 mature leaves, and fruit weight of 4.7 kg. 
This plant, and consequently its fruit, is larger than 
average for its age (see fig. 8 and table 2). Note 
“slips” below fruit, which are used for propagation. 


p-p-m. NA, which caused practically 
100% flowering. Flowers became ex- 
ternally visible approximately 7 weeks 
atter treatment (fig. 3), and fruits were 
ready for harvesting approximately 5 
months after treatment (fig. 4). 

A concentration of 1 p.p.m. appears to 
lie just at the threshold of flower induc- 
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tion (fig. 2), while 5 p.p.m. appear to be 
just as effective as 10 p.p.m. (fig. 5). The 
greater response to 1 p.p.m. during the 
period from December to May (fig. 2) is 
most likely attributable to a period of 
relative drought and not to changes in 
sensitivity. During dry weather there is 
less water in the center of the plant than 
during periods with frequent rainfall, 
and hence the applications will be diluted 
to a lesser degree and there will be less 
overflow during the dry season. 

When applied in quantities of 50 cc., 
the amount of growth regulator used is, 
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2,4-D 
CONCENTRATION 


Fic. 5.—Flower induction as function of con- 
centration of NA and 2,4-D, applied by a single 
treatment in July, when plants were 22 months 
old. Each value represents average of 40-50 plants. 


for 1, 5, and 10 p.p.m., respectively, 
0.05, 0.25, and 0.5 mg. per plant. Within 
certain limits it is immaterial whether 
NA is applied in relatively strong or 
weak solutions as long as the total 
amount applied remains the same (table 


I). 


RELATION BETWEEN NUMBER OF 
LEAVES AND FRUIT WEIGHT 


It is well known that small pineapple 
plants produce small fruits and large 
plants large fruits (3). In order to inves- 
tigate this relation more precisely, a 
number of experiments were performed 
in which individual fruits were weighed 
at harvest time, and, in addition, leaves 
which were green and over a foot in 
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TABLE 1 


FLOWER FORMATION ON 2-YEAR-OLD CABEZONA 
PINEAPPLE PLANTS AFTER TREATMENT WITH 
0.5 MG. OF NAPHTHALENEACETIC ACID (NA) 
IN DIFFERENT AMOUNTS OF DILUENT. TREAT- 
MENTS ON OCTOBER 5, 1945. OBSERVATIONS 

ON DECEMBER 19, 1945 


Total | No. of % 
Solutions applied mg. NA} plants ae 
per plant} treated flowering 
50 cc. of 0.001%........ 0.5 26 81 
3 drops of 1% inalc....} 0.5 27 30 


* Forty days later, on January 29, 1946, 23% of the controls 
were in flower because the flowering season had arrived. 
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length on each plant were counted, dead 
leaves and small ones being omitted. 
The fruit weight included the weight of 
the crown. 

Figure 6 shows the result of such a 
test in which five hundred fruit weights 
were correlated with leaf numbers. Each 
fruit is represented by a cross. The plants 
were grown on a dry hillside without ir- 
rigation or fertilizer. When 18 months 
old, they were treated with 0.25 mg. of 
NA per plant. All flowered, regardless of 
size, and produced fruits which were 
harvested at the end of August, about 43 
months after treatment. 
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WEIGHT OF FRUIT 


Fic. 6.—Relation between numb®r of leaves per plant and weight of pineapple it produces. On April 15 
plants were treated with 5 p.p.m. NA, when they were 18 months old. Harvest took place on August 24. 
Plants grew under adverse conditions. Slanting solid line is regression line; broken lines on both sides in- 


dicate standard error of estimate. 
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The correlation between leaf number 
and fruit size is statistically highly sig- 
nificant. A correlation coefficient of 0.76 
was found; under the conditions of the 
experiment only 0.12 is required at the 
1% level. The average fruit weight was 
1.65 kg. and the average number of 
leaves 27.4. These values are represented 
by + in the diagram of figure 6. The 
regression coefficient was 11.5, which 


crosses of figure 7 show the relation be- 
tween leaf number and fruit weight on 
nontreated plants. The plants were 22 
months old when harvested during the 
middle of May. The circles, on the left, 
show the relation between leaf number 
and fruit weight of plants treated with 
10 p.p.m. NA on November 25, and 
which were 20 months old at the time of 
harvest. The fruits of plants which had 
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Fic. 7.—Relation between number of leaves per plant and weight of its fruit produced during normal 
season (crosses). Plants were 22 months old at time of harvest (May 15). Circles on left represent additional 
data for small plants treated with 10 p.p.m. NA when 14 months old and harvested at same time as naturally 
produced fruit. Plants grew under good conditions and may be compared with those of fig. 8. 


signifies that an increase of 11.5 leaves 
was accompanied by an increase of 1 kg. 
in fruit weight. From these data the 
regression line was constructed, which is 
represented as the slanting solid line in 
the diagram. Finally, the standard error 
of estimate was calculated, the value of 
which is indicated by the broken lines on 
each side of the regression line. 

Two additional correlation tests are 
given in figures 7 and 8. The plants of 
these tests were grown under excellent 
conditions on land where the plants re- 
ferred to in figures 2 and 5 grew. The 


flowered naturally (crosses) represented 
only 8% of the total number of non- 
treated plants in that block. They were 
all large plants. Some additional plants 
(12%) were flowering at that time and 
produced fruits later in the season, while 
the remaining 76% did not flower during 
this season. Nearly 100% of the young, 
treated plants (circles) flowered (fig. 2). 

Regression lines were constructed for 
fruits of 3 kg. or less and for fruits of 
more than 3 kg. The correlation coef- 
ficients (0.79 and 0.41, respectively) 
were statistically highly significant. The 
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regression lines and the standard error of 
estimate are shown in the diagrams in the 
same manner as in figure 6. 

The diagram for figure 7 is comparable 
to that of figure 8 in that plants of the 
same block were used. They differ in 
that the plants of figure 8 were all 
treated with NA and harvested out of 
season (December 19). Treatment took 
place on July 21, when the plants were 22 
months old. A comparison of figures 7 
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WEIGHT OF FRUIT 


Fic. 8.—Relation between number of leaves per 
plant and weight of its fruit produced out of season. 
This diagram represents plants treated with NA 
(pooled data of 5 and 10 p.p.m.) on July 21, when 
they were 22 months old. Fruits harvested on De- 
cember 1g and January 4 (pooled data). Cross marked 
NA shows average weight and average leaf number 
of NA-treated plants. Cross marked 2,4-D shows 
same for plants treated with 2,4-D with same con- 
centrations and at same time as NA plants. Plants 
grew under good conditions in same block as those of 
fig. 7. Data of figures 7 and 8 are comparable 
(further data in table 2). 


and 8 shows that NA-induced fruit, 
which was produced out of season, had 
exactly the same weight as that produced 
without treatment during the regular 
flowering season. For example, in order 
to produce a 4-kg. fruit during the sea- 
son, an average number of thirty-two 
leaves is required (fig. 7). For NA-in- 
duced fruit, harvested out of season, we 
found precisely the same relation (fig. 8). 
Similarly, an average of twenty-eight 
leaves will give a fruit of 3 kg., regardless 
of whether the fruit was preduced during 
the season and without treatment (fig. 7) 
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or out of season and with treatment 
(fig. 8). 


COMPARISON BETWEEN NA AND 
2,4-D TREATMENTS 


Previously (10) it was shown that 
with  2,4-dichlorophenoxyacetic acid 
(2,4-D) flowers may be induced with 
equal facility as with NA (fig. 5). Fruit 
production with 2,4-D is, however, 
somewhat delayed. For instance, in one 


TABLE 2 


COMPARISON AT HARVEST TIME (DECEMBER 19) 
OF PINEAPPLE PLANTS OF CABEZONA 
VARIETY TREATED WITH NAPHTHALENE- 
ACETIC ACID (NA) AND 2,4-DICHLOROPHE- 
NOXYACETIC ACID (2,4-D). POOLED DATA OF 
CONCENTRATIONS OF 5 AND 10 P.P.M. TREAT- 

MENTS ON JULY 21, 1945 


Differ- 
ence* 
Av. no. of leaves... .. 25:2 21.8 3-4 
(100%) | (86.5%) | (13.5%) 
Av. wt. of fruit (kg.)..) 2.78 2.18 0.60 
(100%) | (78.5%) | (21.57%) 
Av. length of fruit) 34.9 28.8 6.1 
stalk (cm.)...........; (100%) | (82.5%) | (17.5%) 
Degrees of freedom...| 75 105 
| 


* All differences statistically highly significant. 


test of 96 NA-treated plants 79% were 
harvested 5 months after treatment. Of 
109 comparable plants treated with 
2,4-D only, 56% had harvestable fruit 
5 months after treatment. The remaining 
fruits were harvested 3 weeks later. 
Table 2 summarizes the results of flower 
induction with NA and 2,4-D. It is of 
interest to note that the smaller average 
weight of fruits of the 2,4-D plants, as 
compared with the NA plants, is accom- 
panied by a proportionately smaller leaf 
number. This places the point (+) for 
average fruit weight and leaf number for 
2,4-D plants exactly on the regression 
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line for NA (fig. 8). This suggests that 
the lower average weight of 2,4-D fruit is 
caused by a lower leaf number of the 
2,4-D plants as compared with those 
treated with NA. This, in turn, may be an 
effect of 2,4-D in preventing some leaves 
which were young at the time of treat- 
ment from reaching maturity. The inter- 
ference of 2,4-D with normal leaf growth 
is well known (14), and certain relatively 
tender-leaved varieties of pineapple, 
such as the Smooth Cayenne, showed 
leaf deformations after treatments with 
low quantities of 2,4-D. 


Discussion 
THEORETICAL ASPECTS 


Which factors, external and internal, 
are responsible for the fact that under 
natural conditions flowers are initiated 
in the pineapple only in the winter sea- 
son? Since the first flowers of the pine- 
apple appear in December (fig. 1), 
flower initiation must have taken place 
early in November. When one examines 
which external factors are different in 
November as compared with the months 
preceding it, the decrease in length of 
day is especially notable. When length of 
day is plotted against the time of year, 
one finds for Puerto Rico that from April 
to August the length of day does not 
change greatly. For the middle of the 
month the daylengths are:4 April, 12°34™; 
May, 12°59”; June, 13°12”; July, 13"7™; 
August, 12"45™. After August the length 
of day drops relatively sharply: Septem- 
ber, 12"14™; October, 11°44™; Novem- 
ber, rr¢17™. After November it does not 
drop much farther: December, 11°3™; 
January, 11"10™. Then a rise sets in 
again: February, 11"34™; March, 122™. 

October and November, therefore, 

4 Meteorological data obtained through courtesy 


of Dr. N. F. Cutzpers of the Federal Experiment 
Station. 


must be critical months for the initiation 
of flowers in short-day plants. This is 
demonstrated by sugar-cane varieties 
which respond to changes in the length 
of day (7), and which in Puerto Rico al- 
ways arrow with great regularity in the 
middle of November. 

Preliminary data indicate that the 
pineapple also may be a short-day plant. 
Not only does its flowering period coin- 
cide with the period of the shortest day- 
length but it appears that an artificially 
increased daylength prevents natural 
flowering (but not chemically induced 
flowering). This was shown by rigging 
four 200-watt bulbs above forty-six pine- 
apple plants. These were approaching 
their third season but had not yet 
flowered. By means of a time switch the 
lights were turned on from 7:00 P.M. 
until midnight. This light treatment was 
begun in August and was continued until 
January. After one month of extra il- 
lumination five plants were given 10 
p.p.m. NA. Control plants, not receiving 
additional light, were treated similarly. 
Twenty days later five additional plants 
under the lights and five controls re- 
ceived 10 p.p.m. NA. Two months after 
the NA had been applied the plants re- 
ceiving extra light flowered as well as the 
controls which had not received extra 
illumination. A long day, therefore, can- 
not prevent naphthaleneacetic acid from 
inducing flowers in the pineapple plant. 

The same experiment yielded addi- 
tional information. In February, well 
within the normal flowering season, 41% 
of the 223 control plants (not illuminated 
or treated chemically) had formed 
flowers. On the other hand, none of the 
36 illuminated but nonchemically treated 
plants had then flowered. This suggests 
that the pineapple plant is a short-day 
plant. Further experiments are neces- 
sary, however, to ascertain this. It has 
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also been suggested that flower forma- 
tion in the pineapple may be a response 
to relatively low temperature (6). 

Which internal factors make the pine- 
apple plant flower during the normal sea- 
son? Since as little as 0.05 mg. per plant 
of naphthaleneacetic acid (fig. 2, the 1 
p.p.m. curve) is in some cases sufficient 
to force a plant into flowering, it is 
tempting to attribute the normal flower 
production to increased hormone ac- 
tivity. Auxin analyses of the pineapple 
plant are necessary to provide further 
evidence. Such an analysis is feasible at 
present, because a convenient extraction 
method exists (12) for the determination 
of free auxin in plant materials. 

It should not be overlooked, however, 
that the level of nutritional materials, 
such as carbohydrates and nitrogenous 
compounds, may undergo critical changes 
during the winter season which bring 
about flower induction. NIGHTINGALE’s 
detailed observations of the Smooth 
Cayenne in Hawaii (6) have shown that 
plants deficient in nitrate and high in 
carbohydrates may fruit months earlier 
than others that contain more liberal 
nitrate reserves but a lower concentra- 
tion of carbohydrates. It is not unlikely 
that a co-ordinated action of hormones 
of the auxin type and of nutritional fac- 
tors determines the flowering of the pine- 
apple plant, just as such action deter- 
mines root formation in cuttings (11, 
13). 


PRACTICAL ASPECTS 


By making use of diagrams such as 
presented in figures 6-8, the pineapple- 
grower can, with the aid of flower-induc- 
ing chemicals, control not only the time 
of harvest but the weight of his fruits as 
well. Since the vegetative growing-point 
changes into a floral apexe after treat- 
ment, no additional foliage leaves are 
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formed. Thus, for all practical purposes, 
the plant has to nourish its fruit with the 
leaves it has at the time of treatment. 

When, for the particular conditions of 
a plantation, the leaf-number/fruit- | 
weight diagram has been worked out, the 
weight of the fruit at harvest time can be 
predicted at the time of treatment. In 
addition, when a certain fruit size is de- 
sired, this can be obtained by treating 
the plants at a stage when they have a 
number of leaves which in the diagram 
corresponds to the desired fruit size. 
For example, when plants are growing 
under the conditions of figures 7 and 8, 
and a fruit weight of 3 kg. is desired, 
plants having between twenty-one and 
thirty-one leaves should be treated. 
When a smaller fruit size is desired, for 
instance, 2 kg., the plants should be 
treated when they have between sixteen 
and twenty-six leaves. 

The experiments reported here with 
Cabezona pineapples demonstrate how 
controlled pineapple production through- 
out the year is possible. In these experi- 
ments, as demonstrated above, fruits 
weighed no less when produced out of 
season. 

In order to have fruits of the desired 
size throughout the year, it is essential to 
have plants available of a size suitable 
for treatment throughout the year. This 
is possible for the Cabezona, which 
flowers with difficulty during the natural 
flowering season, because no undesirable 
flowering of immature plants takes place. 
A plant which flowers prematurely is lost 
for production. 

In the opinion of the writer the low 
fruit weights which are reported when 
the Red Spanish variety is forced into 
flower outside the natural season are due 
to the fact that the plants treated are 
not sufficiently mature to support a 
large fruit. A continuous supply of plants 
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suitable for treatment is not available in 
this readily flowering variety because of 
loss due to the flowering of immature 
plants during the winter season. 

For production throughout the year, 
without an accompanying fruit loss dur- 
ing the out-of-season months, it is there- 
fore necessary to prevent undesired 
flowering of immature plants. This may 
be accomplished by using varieties such 
as the Cabezona which have a natural 
tendency to limited flowering, or by pre- 
venting flowering in the easy-flowering 
varieties by physiological means. 


Summary 


1. In the Cabezona variety of pine- 
apple naphthaleneacetic acid (NA) can 
induce flowers in every month of the year 
(fig. 1). 

2. Amounts of NA as small as 0.05 mg. 
per plant are capable of inducing flowers 
in a limited number of plants (1 p.p.m. 


curve of fig. 1), while 0.25 and 0.5 mg. 
per plant cause practically 100% flower- 


ing. 
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3. Fruit weight depends upon the size 
of the plant. The correlation between the 
number of leaves of a plant and the 
weight of the fruit it produces was deter- 
mined (figs. 6-8). 

4. Although 2,4-dichlorophenoxyacetic 
acid (2,4-D) has flower-inducing powers 
equal to NA (fig. 5), fruit induced by 
2,4-D shows a lower average fruit weight 
as compared with fruit induced by NA 
(fig. 8 and table 2). This may be due to 
the adverse effect of 2,4-D on the devel- 
opment of young leaves. 

5. Preliminary data indicate that the 
pineapple may be a short-day plant and 
that long-day conditions prevent natural 
flowering but not flowering induced by 
NA. 

6. A method is outlined which makes 
fruit production in pineapples possible 
throughout the year without the loss of 
fruit weight now experienced by com- 
mercial growers when they force plants 
into flower out of season. 


INSTITUTE OF TROPICAL AGRICULTURE 
MayaGijEz, PUERTO Rico 
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A COMPARISON OF HISTOLOGICAL RESPONSES OF BEAN 


PLANTS TO TRYPTOPHANE AND TO LOW CONCEN- 


Introduction 
Tryptophane is one of the many chem- 
ical compounds which have been studied 
as growth-regulating substances. Its ef- 
fects, however, have been questioned. 
WENT and THIMANN (9) considered 
tryptophane itself an inactive compound 
which is changed into an active sub- 
stance in the plant. They stated that if 
tryptophane is applied to Avena, curva- 
tures result in approximately 2 hours. 
During this period, they presumed, the 
tryptophane is converted into indole- 
acetic acid. The basis for this assumption 
is the known conversion of tryptophane 
into indoleacetic acid by bacteria and 
fungi. More recent chemical evidence on 
the problem has been presented by 
AVERY and BERGER (1), certain of whose 
experiments showed a significant dis- 
crepancy between the low yield (0.015%) 
of indoleacetic acid from pure trypto- 
phane and the higher yield (0.022%) of 
indoleacetic acid from the natural pre- 
cursor in plant tissues (crude corn). From 
these experiments and from other re- 
ports, AVERY and BERGER felt safe in 
concluding that tryptophane is not iden- 
tical with the corn auxin precursor to 
which most of the activity is attributable 
but that tryptophane is a plant auxin 
precursor of a low degree of activity. 
Both indoleacetic acid (5, 7) and 
tryptophane (6) have been studied in a 
series of experiments testing the growth- 
regulating effects of various compounds 
applied in lanolin to the cut surface of 
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the decapitated second internode of 
young kidney-bean plants. Kraus (6) 
stated that tissue responses of the bean 
stem to application of tryptophane are 
similar in some respects to response to 
indoleacetic acid but are very different 
in many other respects. These differences 
seem to invalidate the assumption that 
tryptophane acts as a growth-regulating 
substance only after conversion to in- 
doleacetic acid. He compared responses 
obtained from applications of 3 and 
1.5% indoleacetic acid with the reac- 
tions resulting from treatment with 2% 
tryptophane. Since recent studies (1) 
have shown that the conversion of 
tryptophane results in a relatively small 
percentage of indoleacetic acid, the con- 
centrations of indoleacetic acid used by 
Kraus are far above those which might 
be expected from conversion of 2% 
tryptophane. Consequently, the ques- 
tion arises: Would the response induced 
by 2% tryptophane resemble more 
closely that induced by a lower concen- 
tration of indoleacetic acid? 

The purposes of this paper are (a) to 
report the results of histological studies 
with five concentrations of indoleacetic 
acid—o.2, 0.02, 0.002, 0.0002, and 
0.00002%—and (b) to compare these 
histological responses with those de- 
scribed by Kraus for tryptophane. The 
materials and the methods are the same 
as those used in earlier studies of indole- 
acetic acid (7) and of tryptophane (6). 
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Results 


Following decapitation and treatment 
with indoleacetic acid, proliferation of 
many of the cells at the cut surface takes 
place. This applies especially to those 
cells which are parenchymatous or in- 
completely differentiated. As general 
proliferation progresses, the normal pat- 
tern of tissue organization is quickly 
lost. It is this growth which forms the 
tumor above the cut surface. Below the 
zone of general proliferation the pat- 
tern of responding tissues is similar to 
the normal tissue arrangement in the 
stem. It is perhaps in this region that the 
most characteristic features of the his- 
tological effects of the various growth- 
regulating substances are to be found, al- 
though the character of the tumor may 
likewise be distinctive. With increasing 
distances from the surface of application, 
the response becomes less pronounced, 
until a level is reached beyond which no 
effect is evident. The degree of reaction 
varies among individual plants and from 
bundle to bundle within the stem, major 
bundles showing the greatest degree of 
reaction. Environmental factors also in- 
fluence the response. 


From gross observations and from 
preliminary studies of histological mate- 
rial for the five concentrations of indole- 
acetic acid, it is evident that response is 
greatest with 0.2%, less with 0.02%, and 
only slight with 0.002%. The two lowest 
concentrations (0.0002 and 0.00002%) 
are apparently below the threshold of 
efiectiveness for indoleacetic acid to in- 
duce histological changes or tumor for- 
mation under the conditions of this ex- 
periment (fig. 13C). Response to these 
two concentrations is the same as that 
which may result from decapitation and 
application of pure lanolin. The essential 
features of the histological responses to 


the three effective concentrations are 
summarized in table 1. Supplementary 
details and variations are reported in the 
following paragraphs. 

At the cut surface the epidermal cells 
are injured (fig. 9), and those cells im- 
mediately adjacent may enlarge slightly 
and divide in radial, transverse, or tan- 
gential planes. This response is limited in 
extent and may occur in any one of the 
concentrations of indoleacetic acid or in 
control material. Below this level the 
epidermis shows the usual adjustment to 
increase in stem diameter. However, with 
the extreme enlargement at points of 
root formation, rupture of the epidermis 
may occur. 

Response in the cortical parenchyma 
is correlated with the degree of concen- 
tration. With 0.2% indoleacetic acid the 
outer cortical parenchyma cells become 
conspicuously enlarged at the upper lev- 
els (fig. 7A). Cell division is infrequent. 
The inner parenchymatous cells, espe- 
cially those directly adjoining the endo- 
dermis, become meristematic (figs. 2A, 
3A) and, like it, form part of the capping 
tissues over root primordia (figs. 3B, 7A). 
Otherwise the derivatives mature as 
parenchyma. Cortical response is most 
pronounced in the upper 2 mm. of the 
stem tip and progressively decreases to 
the 3- or 4-mm. level. With the 0.02% 
concentration, cell enlargement is dis- 
tinctly less (fig. 44). There may be a few 
divisions in the inner cells, but they do 
not become highly meristematic. This 
response extends approximately 1 mm. 
from the cut surface, with only traces 
below this. By the 4th day derivatives 
are maturing as parenchyma (fig. 5B). 
In the lowest effective concentration 
(0.002%) there appears to be no response 
in the cortical parenchyma (fig. 4B). 

The endodermis is the most highly re- 
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sponsive tissue. By the end of 24 hours 
meristematic activity is induced by all 
three concentrations which cause any re- 
sponse. With the highest concentration 
(0.2%) the endodermis shows an increas- 
ing number of tangential divisions by the 
2d day (figs. 1B, 3A). By the 3d day it 
has become a relatively wide band of 
meristematic tissue (fig. 2A) with the 
initiation of root primordia under way 
at points of intense activity (fig. 3B). 
The zone of root formation and intense 
reaction extends to approximately 1 mm. 
below the cut surface. Lower than this 
the degree of meristematic activity de- 
creases rapidly. Tangential divisions are 
fewer and the characteristic radial ar- 
rangement is more evident. Traces of 
response are found 5-6 mm. below the 
treated surface. Although the upper lev- 
els may remain meristematic in areas as- 
sociated with root formation or vascular- 
ization (fig. 5A), evidence of maturation 
of the derivatives into parenchyma gen- 
erally occurs by the third or fourth day. 
The formation of small vascular strands 
is initiated during the period of meriste- 
matic activity, and divisions in various 
planes result in patches of small cells. 
By the 3d or 4th day certain of the cells 
in the center of the patch may mature 
as reticulate tracheids, whereas peripher- 
al cells remain meristematic (figs. 6A, 
12B). The size and organization of these 
vascular strands increase until, in some 
stems, large bundles are formed (fig. 
17D). Endodermal bundles are char- 
acteristic of the upper millimeter of the 
stem tip. Below this a few strands may 
end blindly in the endodermis, but others 
pass from the endodermis across the 
pericycle into the phloem. 

Endodermal response at uppermost 
levels to the 0.02% concentration is sim- 
ilar to that below the zone of root forma- 
tion with the highest concentration. Re- 
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sponse is initiated by the end of 24 hours 
and consists mainly of tangential divi- 
sions which form a band of active tissue, 
At upper levels this band may be as 
much as eight cells deep over the major 
bundles of the stem (figs. 1C, 2B). At the 
depth of 1 mm. the number of endoder- 
mal derivatives decreases, and only 
traces of activity are found below 2 mm. 
Root primordia were not observed in any 
material treated with this concentration. 
By the 3d or 4th day derivatives begin 
to mature. This is made evident by the 
rounding-up of cells as parenchyma or 
by the occasional formation of reticulate 
tracheids and weakly organized vascular 
strands (figs. 5B, 7B, 13A). Vasculariza- 
tion follows the same course as in stems 
treated with the higher concentrations. 
The next lower concentration—o.002% 
—induces noticeable response only in the 
endodermis at uppermost levels. By the 
end of 24 hours tangential endodermal 
divisions are evident over two or three 
major bundles of the stem, frequently 
only along the sides of these bundles. By 
the 2d day the number of divisions may 
increase slightly (fig. 1D), after which 
there is little change (figs. 5C, 13B). A 
depth of 1 mm. seems to be the level of 
histological response farthest from the 
surface of application (figs. 4B, 6C). The 
derivatives mature as parenchyma (fig. 
2C). 

The pericycle responds in a limited 
manner. At the upper levels with the two 
higher concentrations, the cells enlarge, 
often proliferate slightly, and mature as 
parenchyma (figs. 3A, 44,7A, 9). At low- 
er levels the pericyclic cells mature as the 
usual thick-walled fibers. The develop- 
ment as fibers is fairly well established 
at 3 mm. with the 0.2% concentration. 
With the two lower concentrations, well- 
formed fibers may be observed at less 
than the 1-mm. level (fig. 6B, C). 
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Crushed pericyclic cells were only rarely 
observed. 

The primary phloem is nearly as sensi- 
tive as the endodermis, although the re- 
action is never as conspicuous. The ini- 
tial stages of response are cell enlarge- 
ment and an increasingly meristematic 
condition, which at the cut surface re- 
sults in general proliferation (figs. 44, 
B, 9). The greatest activity is found with 
the 0.2% concentration. The primary 
phloem parenchyma becomes highly 
meristematic and generally indistinguish- 
able from active endodermal and ray tis- 
sues at those levels in which root forma- 
tion takes place (fig. 24). Below the root 
zone (somewhat below 1 mm.) the organ- 
ization of tissue areas is re-established 
and a lesser degree of proliferation in the 
phloem is evident. By the 4th day the 
derivatives, except those in the root zone, 
are maturing as parenchyma or are dif- 
ferentiating as vascular elements. With 
the 0.02% concentration the effects in 
the phloem are similar to those with the 
higher concentration at levels below the 
zone of root formation. Enlargement and 
cellular proliferation were observed to 
levels 2 mm. deep. The extent of the his- 
tological response to the 0.002% concen- 
tration is general proliferation at the cut 
surface. 

Vascularization of the primary phloem 
parenchyma commences with the organi- 
zation of groups of small meristematic 
cells, similar to those found in the endo- 
dermis. With the 0.2% concentration 
some of these cells may differentiate as 
short reticulate tracheids, and the organ- 
ization of a vascular strand may or may 
not follow. Poorly organized vascular 
strands were observed at the o.5-mm. 
level (fig. 5A). They are better organized 
at lower levels (figs. 124, 144). As has 
already been noted, these vascular bun- 
dles may be in the endodermis at upper 
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levels, with their course converging in- 
ward to pass across the pericycle, possi- 
bly at the 1-mm. level, where these cells 
are meristematic, and thence into the 
phloem (fig. 9). Within the phloem these 
vascular strands extend downward for 
I mm. or more. Many of these bundles 
terminate in direct inward connections 
through a phloem ray with the secondary 
phloem, cambium, and secondary xylem 
of the stele (figs. 10A, B, 11); other bun- 
dles may end blindly in the phloem. 
Branching of these vascular bundles may 
occur, especially toward the upper lev- 
els, where they pass outward through 
the pericycle into the endodermis. The 
origin, structure, and course of vascular- 
ization with the 0.02% concentration are 
similar. 

The secondary phloem is relatively 
unaffected by the various concentrations. 
At levels just below the cut surface, the 
parenchyma and immature elements 
may proliferate (fig. 44). Response be- 
low this general proliferation is limited 
to parenchymatous elements which may 
show a slight degree of cell enlargement 
(fig. 2B). 

The cambium, like other undifferen- 
tiated tissues, tends to proliferate at the 
cut surface. Below the level of applica- 
tion the degree of activity is greatest 
with the 0.2% concentration and less 
with 0.02%; with 0.002% it is no greater 
than that found in stems decapitated and 
treated with pure lanolin. The zone of 
undifferentiated cells about the cambium 
becomes proportionately wider. Matura- 
tion of these undifferentiated cells indi- 
cates that the larger number of deriva- 
tives is cut off toward the xylem. 

Xylem vessels and tracheids lignified 
previous to treatment remain relatively 
unchanged. However, xylem parenchy- 
ma and incompletely mature elements 
(fig. 44) at the cut surface proliferate. 
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Fic. 1.—Transections of decapitated stems, 0.5 mm. below cut surface: pc, pericycle; xy., secondary 
xylem. A, 1 day after treatment with 0.2% indoleacetic acid. Cells of inner cortica] parenchyma and endo- 
dermis dividing; primary phloem parenchyma meristematic; increased activity in cambium. B, 2 days, 
0.2%. Endodermis forming meristematic band; pericycle and primary phloem parenchyma cells enlarged 
and meristematic; secondary xylem tracheids differentiating. C, 2 days, 0.02%. Similar to B but less in,ex- 
tent. D, 2 days, 0.002%. Some tangential divisions in endodermis; otherwise little response. 
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Fic. 2.—Transections of stems, 3 days after treatment, o.5 mm. below cut surface: fr, tracheid; ra, ray. 
A, 0.2% indoleacetic acid. Highly meristematic band of proliferated endodermis, inner cortical parenchyma, 
pericycle, and primary phloem and ray parenchyma. Proliferation of pith parenchyma commencing centrad 
to protoxylem points. B, 0.02%. Maturation commencing with differentiation of some tracheids; other cells 
maturing as parenchyma. C, 0.002%. Response no greater than at 2 days. D, 2% tryptophane. Early stage in 
proliferation of endodermis; pericycle crushed (pc); little response in phloem; interfascicular cambium de- 
& loping in ray (ra). 
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Fic. 3.—Longisections, 0.2% indoleacetic acid: en, endodermis; ph., secondary phloem. 1, 2 days. Cells 
of outer cortical parenchyma greatly enlarged, inner ones proliferating; at upper levels in endodermis initia- 
tion of root primordium, at lower levels cell elongation and tangential divisions; at upper levels pericyclic 
cells (pc,) enlarged and proliferating, at lower levels pericyclic fibers (pc.); marked activity in primary phloem 
and cambium at upper levels. B, 3 days. Response similar but greater in degree than at 2 days; several root 
primordia evident; cambial derivatives differentiated as secondary xylem tracheids. 
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Fic. 4.—Longisections, 3 days after treatment. A, 0.02% indoleacetic acid. Across cut surface general 
proliferation of tissues except epidermis; conspicuously large cells are proliferated immature tracheal ele- 
ments; below cut surface slight proliferation in cortical parenchyma, endodermis, pericycle, and primary 
phloem parenchyma. B, 0.002%. Similar proliferation of tissues at surface of application. Section through 
side of bundle showing slight proliferation in endodermis. (Compare with lateral position of proliferated 
endodermal cells in fig. 1D.) 
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Fic. 5.—Transections 0.5 mm. below cut surface, 4 days after treatment: vb, vascular bundle. A, 0.2% 
indoleacetic acid. Root primordium and associated tissues meristematic, other tissues maturing; formation of 
vascular strands (vb) in primary phloem parenchyma commencing; numerous scattered secondary tracheids 
differentiated in xylem; proliferated ray and pith parenchyma differentiating tracheids and vascular strands. 
B, 0.02%. Similar to 3 days, more mature; vascularization (vb) of endodermis and phloem, strands poorly or- 
ganized. C, 0.002%. Similar to 2-day response. D, 2% tryptophane. Continued proliferation in cortical pa- 
renchyma and endodermis; primary phloem parenchyma slightly meristematic. Note initiation of cambial 
strands in endodermis along sides 6f bundles and in meristematic ray (ra). 
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Fic. 6.—Transections 1 mm. below cut surface, 4 days after treatment. A, 0.2% indoleacetic acid; B, 


0.02; C, 0.002%; same stems respectively as in fig. 5. D, 2°% tryptophane. Degree of response with each 
treatment somewhat less at this lower level. 
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Fic. 8.—Longisections of stems treated with 2% tryptophane. 4, 4 days after treatment. Early stage of 


- tumor; active proliferation of tissues at lower levels; pith disintegrating. Compare with more advanced re- 
* sponse in fig. 7B. B, 7 days. More advanced stage in formation of tumor; greatly proliferated endodermis, 


derivatives differentiated as vascular strand (vb), elements of which connect with stele through derivatives 
of ray (ra). 
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Fic. 9.—Longisection 6 days after treatment with 0.2% indoleacetic acid, showing course of vasculariza- 
tion: vb con, vascular connection; ph,, primary phloem. At upper levels vascular bundle differentiated in de- 
rivatives of endodermis (vb en); at 1 mm. in proliferated pericyclic cells (vb pc); at lower levels in derivatives 
of primary phloem parenchyma (v) p/,); at 2.5 mm. vascular bundle connects directly inward (vb con). See 
fig. 104. 
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l'ic. 10.—Longisections, 0.2% indoleacetic acid. 1, 6 days after treatment, same stem as fig. 9. Cellular 
detail of connection (vb con) between vascular tissues of primary phloem bundle (vb ph,) and secondary 
phloem, cambium, and secondary xylem of stele. B, 18 days after treatment. Detail of similar connection in 
another stem. 
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Fic. 11.—Transection 9 days after treatment with 0.2% indoleacetic acid, 2.5 mm. below cut surface. 
Same type of vascular connection as in fig. 104. Endodermal derivatives matured as parenchyma; scattered 
tracheids in wide band of secondary xylem; medullary and xylem rays conspicuous. 
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Fic. 12.—Transections, 9 days after treatment. A, 0.2% indoleacetic acid, 2 mm. below cut surface, same 
sector of stem as fig. 11. Clearly organized bundle in primary phloem parenchyma. B, same stem as A, I mm. 
below cut surface. Branches (vb) of same bundle, at this level in endodermis and primary phloem. C, 2% 
tryptophane, 1 mm. below cut surface. Vascularization (vb) in proliferated endodermis along flanks of bun- 
dles; no proliferation or vascularization in phloem or pith. 
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The greatest response is found in the dif- 
ferentiation of the cambial derivatives 
formed after treatment. At the highest 
concentration these derivatives form a 
proportionately wide band of short, 
reticulately thickened tracheids inter- 
mingled with occasional vessels and nu- 
merous ray cells (fig. 11). At 0.02% this 
band is similar but less wide (fig. 1C), 
and at 0.002% only traces of a tracheid 
layer are evident. The total downward 
extent of this response is difficult to de- 
termine as it blends with the secondary 
growth of unaffected portions of the 
stem. 

On the basis of behavior a ray may be 
divided into an outer portion flanking 
the phloem and a portion flanking the 
xylem. With the 0.2% concentration the 
outer portion becomes an active part of 
the band of meristematic tissues in the 
upper 2 mm. of the stem tip (fig. 2A). 
The importance of the ray in the forma- 
tion of root primordia has already been 
described in detail (4). Below the level of 
root formation the outer portion of the 
ray is very much less active, and its de- 
rivatives mature as parenchyma. An in- 
terfascicular cambium may or may not 
be formed. The response to 0.02% indole- 
- acetic acid is similar to that below the 
root zone for the higher concentration. 
The lowest effective concentration 
(0.002%) induces no marked histological 
change in the ray. 

The inner portion of the ray is asso- 
ciated with the pith, and the two may be 
described together. With both the 0.2% 
and the 0.02% concentrations (figs. 2A, 
6A), response is delayed and prolifera- 
tion is not initiated until the 3d or 4th 
day. Both tissues remain inactive with 
the 0.002% concentration. Large paren- 
chymatous cells of the inney portion of 
the ray and of the marginal pith (pith 
abutting the rays or that centrad to the 
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protoxylem points) may divide several 
times. The derivatives mature as paren- 
chyma or as reticulate tracheids, or they 
remain meristematic to form vascular 
strands. The intensity of this reaction is 
greater at the 0.2% concentration, but 
with both concentrations the response is 
confined to the uppermost levels. It 
reaches slightly deeper than 1 mm. be- 
low the cut surface with 0.2% indole- 
acetic acid (fig. 15.4) and less than 1 mm. 
for the other concentration. The central 
pith persists as a functional tissue. At the 
cut surface it proliferates but retains its 
parenchymatous character (fig. 15B). 
The upward thrust of proliferating tis- 
sues to form the tumor above the cut 
surface commences by the 3d day (figs. 
3B, 4A, B). Tissues from the pericycle 
outward participate but little in the 
growth of the tumor (figs. 7B, 15B). Pro- 
liferation above the vascular elements is 
greatest during the early stages, and de- 
rivatives form the peripheral portion of 
the tumor (figs. 9, 15B). In mature stages 
of the relatively small, dome-shaped 
tumor formed in response to 0.02% in- 
doleacetic acid, proliferated pith forms 
the central portion (fig. 15B). With 0.2% 
the very large, cone-shaped tumor is 
formed almost entirely of proliferated 
pith (fig. 154A). The heavy marginal band 
of vascular tissue (fig. 17A) is connected 
with both the endodermal vascular sys- 
tem and the central stelar structure (fig. 
17A, B, C, D). The anastomosing vascu- 
lar strands in the center extend down- 
ward and connect directly with vascular 
strands arising in the pith (fig. 15A). 
With the lower concentration (0.02%), 
there is little vascularization and the 
tumor is mainly parenchymatous 
in composition. With the other three 
concentrations (0.002, 0.0002, and 
0.00002%), the form and structure of the 
growth above the cut surface is similar to 
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those tumors which may be formed after 
decapitation and the application of pure 
lanolin (fig. 164, B). 


Discussion 


A comparison of responses reported in 
this paper with those described earlier by 
Kraus, Brown, and HAMNER (7) clearly 
indicates that the four highest concen- 
trations of indoleacetic acid (3.0, 0.2, 
0.02, and 0.002%) induce responses 
which are similar in character and differ 
essentially only in degree. Successive 
decrements in concentration result in a 
series of decreasing expressions of re- 
sponse. Likewise, decapitated stems 
treated with higher concentrations of in- 
doleacetic acid show a series of decreas- 
ing reactions at successive levels below 
the treated surface. Comparison of these 
two series shows that responses induced 
at successively lower levels in a stem tip 
treated with a high concentration are 
similar to responses at higher levels in- 
duced by treatment with the lower con- 
centrations. The similarity between these 
two series suggests dependence of ex- 
pression of response upon a concentra- 
tion gradient of indoleacetic acid. On 
this basis, the absence of root primordia 
following application of lower concen- 
trations should be expected rather than 
considered a striking dissimilarity. Ap- 
parently a certain intensity or threshold 
of reaction must be reached before de- 
velopment of adventitious roots occurs. 
With a concentration of 3% indoleacetic 
acid, this intensity is maintained a dis- 
tance of several millimeters below the 
cut surface, and numerous root primordia 
are formed. When a stem tip is treated 
with 0.2% indoleacetic acid, fewer root 
primordia are developed, they are found 
within approximately the first milli- 
meter below the cut surface, and the re- 
action within this limit is comparable 


with that at the base of the root zone 
with 3% indoleacetic acid. No root pri- 
mordia are formed with the application 
of 0.02% indoleacetic acid. The maxi- 
mum response is comparable with levels 
immediately below the root zone with 
applications of 0.2% indoleacetic acid. 
A concentration of 0.002% indoleacetic 
acid induces mere traces of response even 
at the surface of application. In appear- 
ance these responses are similar to the 
responses at the lowest levels with higher 
concentrations. The response of decapi- 
tated bean plants to treatment with vari- 
ous concentrations of indoleacetic acid 
follows a consistent pattern and varies 
only in degree. 

BEAL (4) has observed that, for the 
occurrence of a response, a certain con- 
centration gradient of the indoleacetic 
acid must be established downward from 
the treated surface. He found, however, 
that the nutritional status of the tissues 
was closely associated with this gradient. 
Treated segments placed on nutrient 
agar lacking either sugar or nitrogen 
showed no gross enlargement or prolifer- 
ation. Other writers (2, 3, 8) have also 
demonstrated very close relationship be- 
tween the carbohydrate content of the 
tissues and the effectiveness of a given 
growth substance. On this basis, it is 
conceivable that a plant with limited 
supplies of carbohydrates and treated 
with a high concentration of indoleacetic 
acid could simulate the histological re- 
sponse of a plant containing carbohy- 
drates in greater amount but treated 
with a low concentration of indoleacetic 
acid. It is evident that a comparison of 
concentrations and degrees of response 
can be made only by the use of plants 
which are uniform, or nearly so, in their 
growth status and in their chemical 
composition under identical or closely 
similar environments. 
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Fic. 13.—Transections 9 days after treatment. A, 0.02% indoleacetic acid, 1 mm. below cut surface. 
Proliferated cells in endodermis, pericycle, and primary phloem matured as parenchyma; a few scattered 
tracheids (¢r) in small, poorly organized vascular bundles. B, 0.002%, 0.5 mm. Extent of response unchanged 
from 3 days. C, 0.0002%, 0.5 mm. Stem tissues showing no response; maturation proceeding as in untreated 
material. 
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Fic. 14.—Transections of older stages showing position and character of vascularization. A, 14 days after 
treatment with 0.2% indoleacetic acid, 1.5 mm. below cut surface. Development of moderately large vascular 
bundles from derivatives of primary phloem parenchyma; proliferated endodermis maturing as parenchyma. 
B, 18 days after treatment with 2% tryptophane, at approximately 2 mm. Strongly developed bundles from 
derivatives of endodermis; no response in primary phloem parenchyma (pi,). Compare compactly organized 
zone of secondary xylem with that in fig. 11. Disintegration of central pith characteristic for tryptophane. 
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Fic. 16.—Longisections of stems treated with very low concentrations of indoleacetic acid. Limited pro- 


liferation at cut surface comparable with response in control material. A, 0.002%, 9 days after treatment. B, 
0.0002°%, 18 days after treatment. 
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Fic. 17.—Transections of same stem, 18 days after treatment with 0.2% indoleacetic acid. Unusually 
large and highly vascularized tumor. A, 1.5 mm. above cut surface. Periphery meristematic; center highly 
vascularized with complex of anastomosing strands. B, 1 mm. above cut surface. Similar to A. C, 0.5 mm. 
above cut surface. Marginal band of vascular tissue, connecting at lower levels with endodermal bundles and 
vascular cylinder of stele; scattered small strands in center connect with bundles proliferated in pith. D, 0.5 
mm. below cut surface. Characteristic organization of stem tissues evident; vascular bundles in endodermis, 
connecting at lower levels with stele; vascular strands from derivatives of pith centrad to protoxylem points. 
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The results of this study show that 
at none of the concentrations used did 
responses to indoleacetic acid duplicate 
those to tryptophane both in character 
and in rate of response. A comparison of 
the histological responses to various con- 
centrations of indoleacetic acid and to 
tryptophane are presented in table 1. 
The important differences are as follows: 

1. The cortical parenchyma is more re- 
active with tryptophane than with indo- 
leacetic acid. (Compare fig. 6D with 6B.) 

2. The degree of vascularization in the 
proliferated endodermis is greater with 
tryptophane. (Compare fig. 14B with 
12B, 14A.) 

3. The primary phloem shows little 
response with tryptophane; with indole- 
acetic acid it becomes not only active 
but also vascularized. (Compare fig. 14B 
with 14A.) 

4. The course of vascularization in 
these outer tissues is characteristically 
different for the two substances. With 
tryptophane the endodermal bundles 
connect laterally through the outer ray 
with the stelar cambium and the respec- 
tive secondary vascular tissues. With in- 
doleacetic acid endodermal bundles pass 
across the pericycle into the primary 
phloem and at lower levels connect di- 
rectly inward through a phloem ray with 
the cambium and the respective second- 
ary stelar tissues. (Compare figs. 5D, 
8B, 12C with figs. 9-11, 12A, B.) 

5. With tryptophane the pith is rela- 
tively inactive and disintegrates in the 
center. It participates but little in the 
formation of the tumor, which conse- 
quently may show a depressed center. 
With indoleacetic acid the marginal pith 
actively proliferates and becomes vas- 
cularized. The central pith persists as a 
functional tissue and at the cut surface 
proliferates to form a considerable part 
of the cone-shaped tumor. (Compare 
fig. 1 of Kraus [6] with our fig. 154, B.) 


These differences follow closely those 
found by Kraus in his comparison of the 
responses to the two substances, except 
that, as we have pointed out, the initia- 
tion of root primordia cannot necessarily 
be considered a critical point of differ- 
ence between the effects of the two sub- 
stances. Although there are certain 
points of similarity, the dissimilarities 
are sufficiently characteristic to suggest 
that the pattern of reactions resulting 
from the application of tryptophane is 
different from that upon application of 
indoleacetic acid, whether in high or low 
concentrations. On the basis of this his- 
tological individuality of effect, there ap- 
pears to be a distinctive response attribu- 
table to tryptophane apart from any re- 
sponse which may result from the conver- 
sion of tryptophane to indoleacetic acid 

In addition to histological differences 
between response to indoleacetic acid 
and to tryptophane, there are also dif- 
ferences in the time at which various re- 
actions occur. The initial reaction in the 
endodermis was noted within 24 hours 
for all the substances described in table 1. 
In the first 3 days the degree of response 
to tryptophane, especially in the endo- 
dermis, resembles that of 0.02% indole- 
acetic acid (cf. fig. 2B, D). Maturation as 
made evident by differentiation of reticu- 
late tracheids in proliferated tissues was 
noted by the 3d day with concentrations 
of 0.2% and 0.02% indoleacetic acid (cf. 
fig. 6B, D). However, maturation of 


_ vascular elements with tryptophane did 


not commence until the 6th day (fig. 
8A, B). With concentrations of 0.2% and 
0.02% indoleacetic acid, most of the 
proliferated endodermal cells were ma- 
tured as parenchyma by the 6th day and 
with 0.002% by the 3d day. Meristemat- 
ic activity seemed to continue in the en- 
dodermis through the 13th day with 
tryptophane. In other words, the re- 
sponse to tryptophane was just gaining 
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momentum at the time there was a slow- 
ing-down in the reaction to 0.02% in- 
doleacetic acid, the concentration most 
nearly resembling tryptophane. Whether 
tryptophane is slow in inducing response 
or whether this retardation is related to 
a period of time necessary for the con- 
version of tryptophane to some unidenti- 
fied growth-regulating substance remain 
problems. 
Summary 

1. The histological responses of de- 
capitated bean stems to five low con- 
centrations of indoleacetic acid were 
studied. Of these concentrations, the 
two highest—o.2 and 0.02%—=induced 
marked histological changes in the stem 
and resulted in the formation of a dis- 
tinct tumor above the cut surface. The 
intermediate 
resulted in only slight histological re- 
sponse. The two lowest—o.o002 and 
0.00002%-—were apparently below the 
threshold of effectiveness for indoleacetic 
acid under conditions of this experiment. 
These last concentrations appeared to 
induce no greater response than that 
which occurs in control material. The 
essential features of the histological re- 
sponses are summarized in table 1. 

2. The responses shown for the three 
effective concentrations, as well as those 
described by Kraus, BRown, and Ham- 
NER (7) for 3% indoleacetic acid, are es- 
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sentially of the same pattern. In a stem 
tip treated with a high concentration, 
the responses at successively lower levels 
are similar to the responses which may 
be induced by treatment with lower con- 
centrations. 

3. A comparison of the patterns of re. 
sponse induced by indoleacetic acid and 
by tryptophane shows many dissimilar. 
ities. Significant differences have been 
described in the type of reaction, the de. 
gree of activity, and the vascularization 
of cortical parenchyma, endodermis, and 
primary phloem. The character and the 
degree of response in the pith and its re. 
lationship to tumor formation are like- 
wise dissimilar. A more detailed com- 
parison is presented in table 1. 

4. At none of the concentrations used 
did both the character and the rate of 
response to indoleacetic acid duplicate in 
entirety the response to tryptophane. On 
the basis of this histological individuality 
of effect, there appears to be a distinc 
tive response attributable to tryptophane 
apart from any response which may re. 
sult from the conversion of tryptophane 
to indoleacetic acid. 


Data and photomicrographs (figs. 2D, 
5D, 6D, 8, 12C, and 14B) on 3% indole. 
acetic acid and 2% tryptophane are 
taken from other papers (5, 6, 7). 
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RESPONSES OF PTERIS LONGIFOLIA TO APPLICATIONS OF 
AMMONIUM 2,4-DICHLOROPHENOXY ACETATE! 
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Introduction 


Studies of the effects of 2,4-dichloro- 
phenoxyacetic acid on plants with but 
one exception (16) have been confined to 
the responses of various angiosperms. 
Prior investigations have tended largely 
toward the refinement of techniques of 
applying this substance (17, 12) or an ex- 
tension of its practical uses (2, 11, 13). 
The selective sensitivity to 2,4-dichloro- 
phenoxyacetic acid of different species of 
plants, combined with the resultant tele- 
morphic effects (3), has been of distinct 
advantage in its use as a herbicide. 

In the present experiment information 
on the action of 2,4-dichlorophenoxy- 
acetic acid is extended to the pterido- 
phytes, especially to the gametophytic 
generation. The responses of the prothal- 
lia suggest the possibility of utilizing this 
compound as a tool of experimental 
morphology. 


Material and methods 


Spores were collected from a single leaf 
of Pleris longifolia grown in the green- 
houses of the University of Chicago. Ger- 
mination and subsequent culture of the 
gametophytes were carried out on new 
23-inch unglazed clay pots which had 
been washed and then fired in an electric 
muffle furnace. The pots were then 
packed with white quartz sand which 
had previously been washed with dis- 
tilled water and autoclaved. They were 
| then inverted in small preparation dishes 


‘This work was supported in part by a grant 
from the Dr. Wallace C. and Clara A. Abbott Me- 


morial Fund of the University of Chicago. 


to which various solutions were added. 
When the entire pot became wetted, 
spores were sown on the topmost surface 
by tapping them from a dissecting 
needle. Enough solution was then added 
to submerge just the rim of the pot. The 
solutions were maintained at this level 
throughout the experiment by the addi- 
tion of distilled water. The cultures were 
covered with transparent, untinted, 
cylindrical battery jars. 

All solutions consisted basically of a 
one-half dilution of ZrnzApz£’s slightly 
acid formula (18), pH 6.1. Using this 
diluted nutrient solution, a stock solu- 
tion containing 100 mg./]. of the am- 
monium salt of 2,4-dichlorophenoxyace- 
tic acid was prepared. The ammonium 
salt was prepared by dissolving 2,4- 
dichlorophenoxyacetic acid in 95% ethy] 
alcohol, bubbling anhydrous ammonia 
gas into the above solution, washing the 
precipitate with absolute alcohol, and 
then drying. The final concentrations of 
the salt used in the experimental series 
were 50, 10, 1, andomg./. 

The gametophytes received 10 hours 
of illumination daily from six 36-inch, 
30-watt Mazda daylight fluorescent tubes 
set in a reflector (fig. 1). The temperature 
of the laboratory in which the prothallia 
were grown ranged approximately from 
75° to 85° F. 

Sporophytes used in the experiments 
were of two ages: small, young plants 
grown in pots, and large, mature plants 
growing undisturbed on a soil and rock 
substrate in the greenhouse. Their peti- 
oles and terminal pinnae were treated 


stem 
ation, 

levels 
1 may 
r con- 
of re- 
d and 
milar- 

been 
he de- 
zation 
S, and 
id 
its re- | 
like 

com- 
used 
ate of 
ate ing 
1e. On 
uality 
stinc 
phane§ 
ay Te- 
yhane 
s. 2D, 
idole- 
e are 
plants 
| 
\MNER 
s to in- | 
6. 
(ES W. 
acid 
tion olf 
Z. 107: 
ytohor- 


102 


with concentrations of 2,4-dichlorophe- 
noxyacetic acid ranging from 125 to 2000 
p.p.m. These were applied either as 
lanolin mixtures of the acid or as aqueous 
solutions of the ammonium salt with 
Duponol C (g) as a spreader. 
Gametophyte and sporophyte mate- 
rial prepared for microscopic examina- 
tion was fixed in formalin-aceto-alcohol. 
Whole mounts of the prothallia were 
stained in Harris’ haematoxylin, coun- 
terstained in orange G, and mounted in 


Fic. 1.- 


Arrangement of cultures of gameto- 
phytes under fluorescent lights. 


balsam. Sectioned material of the pro- 
thallia and sporophytes was prepared 
according to the tertiary butyl alcohol-— 
parafiin method and stained with either 
the safranin-fast green combination or 
Flemming’s triple stain. 


Observations 
SPORE GERMINATION 


Throughout the course of the studies 
on the gametophytes, there was a high 
percentage of germination in all cultures. 
Nevertheless, in those cultures contain- 
ing 10 and 50 mg./l. of ammonium 2,4- 
dichlorophenoxyacetate, a larger number 
of ungerminated spores were conspicu- 
ously present than in those containing 
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plain Z1NzApzé’s solution or only 1 
mg./l. of the salt. This led to the idea 
that the presence of this substance at the 
higher concentrations may have sig. 
nificantly reduced the percentage of ger- 
mination. The larger size attained by the 
prothallia in the most dilute and control 
cultures, however, may have merely ob- 
scured the ungerminated spores, so that 
the visible differences might be more 
apparent than real. 

To test this idea, a series of cultures 
was set up, according to the methods 
previously described, in which a number 
of 5 mm. squares were scratched into the 
surface of the pots on which the spores 
were to be planted. In each culture a 
combined total of tooo ungerminated 
and germinated spores was counted. By 
confining the counts only to spores lying 
within the squares, the manner of select- 
ing those to be counted was the same for 
all cultures. 

In connection with the standardiza- 
tion of data on the percentage of ger- 
mination, it should be noted that the sig- 
nificance of such data is affected by the 
differences in concepts of the definitive 
stage of spore germination. For example, 
OrTH (14) designated as germination 
that stage in development after the split- 
ting of the exospore in which the first 
rhizoid or some other growth process is 
evident and chlorophyll is formed. Data 
based on counts of spores at earlier stages 
of development would fail in meaning for 
those who subscribe to OrTH’s designa- 
tion, since the number of plants which 
attain the requisite stage would be 
unknown. 

Another factor of importance for this 
type of data is the time interval at which 
counts are made. Dopp (5) pointed out 
that the spores of a species of fern, even 
within the same culture, do not germi- 
nate at the same time. The successive 
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germination of spores of Pleris longifolia 
can be illustrated from our experiment, 
in which a preliminary count of 600 
spores in a control culture revealed that 
the primary cell had emerged in 244 
spores by the seventh day after sowing. 
Another count of the same area 2 days 
later showed 419 spores in the same or 
later stage of development. 

For these reasons counts were made 10 
days after the emergence of initial pro- 
thallial cells was first observed. All 
counts were made on the same day. Ger- 
minated spores then possessed more than 
one rhizoid and a number of prothallial 
cells. Ungerminated spores had failed 
even to split the exospore. The uniform- 
ity of germination among all the cultures 
(table 1) does not support the idea that 
germination was retarded either in ex- 
tent or in time by the presence of am- 
monium 2,4-dichlorophenoxyacetate. 


GAMETOPHYTE 


Growth of the gametophytes was ob- 
served from whole mounts of prepared 
and fresh material collected at 3- or 4- 
day intervals. All stages of the treated 
plants were compared with untreated 
prothallia collected at the same times. 
Responses of gametophytes to the three 
concentrations of ammonium 2,4-dichlo- 
rophenoxyacetate used—though seem- 
ingly quite different at each concentra- 
tion—showed two types of reactions 
which were fundamentally the same in 
all treated cultures: (a) an inhibition of 
growth in size and (b) abnormal patterns 
of development. 

INHIBITORY EFFECTS.—A difference in 
size was noted in gametophytes which 
were only 3 or 4 days old (figs. 2, 3). At 
this stage most plants possessed only one 
thizoid; a few had two. At concentra- 
tions of 50 and 10 mg./I., the gameto- 
phytes were comprised of the single 
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rhizoid and one or two prothallial cells, 
while those at 1 mg./l. and the control 
plants had filaments four or more cells 
long. As already mentioned, spores 
placed in nutrient solutions containing 
ammonium 2,4-dichlorophenoxyacetate 


-were not delayed in germination so that 


this difference cannot be ascribed to age. 
That such is not the case is obvious from 
observations made on older gameto- 
phytes. Thirteen-day-old gametophytes 
at 50 mg./I. were still filamentous, con- 
sisting of about seven prothallial cells 


TABLE 1 
RESULTS OF TESTS OF GERMINATION OF SPORES 
OF PTERIS LONGIFOLIA IN AMMONIUM 2,4- 
DICHLOROPHENOXYACETATE 


| 
| 


Concentra- Ungermi- | Germi- | yee 
tion of salt nated | nated | Total age a 
(mg. ‘1.) spores | spores | 
| | tion 
257 748 1005 74-4 
| 252 753 1005 74-9 
247 750 1003 75-3 
254 773, | +1027 75-1 


and about six rhizoids (fig. 4). At all 
other concentrations the gametophytes 
were thalloid; the smallest being those 
grown at 10 mg./1.—the largest, the con- 
trol plants (figs. 5, 6, 7). By the 27th day 
the untreated gametophytes had formed 
the typical heart-shaped prothallium; 
those at 1 mg./]. had begun to form a 
second lobe; the gametophytes at 10 
mg./I. consisted of a single lobe, with no 
indication of forming a second one, while 
those at 50 mg./l. had remained essen- 
tially filamentous except for a small 
amorphous mass of cells near the apex. 

Measurements of gametophytes when 
they were 3 and 27 days old showed that 
the size of prothallia grown at 50 mg./I. 
had increased only 3.39 times; at 10 
mg./l., 48; at 1 mg./l., 113; while the 
control prothallia had increased 180 


|_| 
“MBER 
ly I 
idea 
t the 
Sig- 
ger- 
y the 
ntrol 
ob- | 
that 
more 
cures 
hods 
nber 
) the 
ores _ 
re a 
ated = | 
. By 
ying | 
lect- 
> for 

‘iza- 
ger- 

sig- 

the 
tive 
ple, 
‘ion 
slit- 
irst 
is 
ata 
ges 

for F 
na- 
ich 

be 
his 
ich 
en 
ni- 
ve 


= 


Fic. 2-14.—Gametophytes grown on various concentrations of ammonium 2,4-dichlorophenoxyacetate in 
Z1nzAbz£’s nutrient solution (rhizoids mostly omitted). Figs. 2, 3, gametophytes 3 days old grown at 50 and 
© mg./I., respectively. Figs. 4-7, relative size of gametophytes 13 days old grown at 50, 10, 1, ando mg./l., 
respectively. In fig. 7 the meristem primordium is seen in typical lateral position on first lobe. Figs. 8, 9, rela- 
tive size of gametophytes 30 days old at 50 and o mg./I., respectively. Fig. 10, gametophyte grown for 4 
months at 50 mg./l., showing hemispherical end cell and juvenile filamentous condition. Fig. 11, apical por- 
tion of prothallium 27 days old, grown at 10 mg./l., with apical position of meristem on single thallus lobe. 
Fig. 12, prothallium 51 days old, at 1 mg./I., with vertical third wing and secondary prothallia on basal por- 


tion of thallus. Fig. 13, details of secondary prothallia of fig. 12. Fig. 14, early stage in development of third 
wing from base of sinus. 
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times. These values are based upon 
measurements of camera lucida drawings 
of the surface areas of the gametophytes. 
Each value represents the average of sev- 
eral gametophytes. 

ALBAUM (1) has shown that, for fern 
prothallia composed essentially of a sin- 
gle layer of cells, surface area is a fair 
index of the mass of tissue present at any 
time and that increase in surface area 
may thus be used as an index of growth. 
Beyond the 27th day the prothallia in 
the present experiment developed more 
than a single layer of cells. After this, 
surface area was not used as an index of 
growth. 

Differences in size between gameto- 
phytes of the same age grown at different 
concentrations of the salt were due chief- 
ly to differences in cell number. The larg- 
est cells in the treated prothallia (figs. 4, 
5, 6) were equal in size to those of un- 
treated prothallia of the same age (fig. 7). 
This indicates that the two growth 
phases—cell division and cell enlarge- 
ment—were dissimilarly affected by the 
experimental solutions. This is clearly 
shown in the prothallium in figure 5. 
Here the small number of larger, central 
cells composing the bulk of the thallus 
are surmounted by a marginal row of 
smaller cells of similar size, the ‘‘Rand- 
meristem” described by Inter- 
mediate-sized cells (fig. 7), which nor- 
mally lie between the marginal meri- 
stematic cells and the more mature basal 
and central cells, are for the most part 
lacking, indicating that cell division but 
not cell enlargement was inhibited. 

Striking evidence of the inhibitory ac- 
tion of the salt is seen in the comparison 
of 30-day-old gametophytes grown at a 
concentration of 50 mg./l. with control 
prothallia of the same age (figs. 8, 9). 

FORMATIVE EFFECTS AT 50 MG./L.— 
There was no evidence of plate formation 


in gametophytes grown at 50 mg./I. un- 
til 30 days after germination. Until this 
time they consisted of a linear series of 
cells always derived from divisions of the 
hemispherical terminal cell. The fila- 
ment was distorted, owing to the unequal 
distension and consequent bulging of the 
wall of each maturing cell. Except for the 
formation of rhizoids, divisions of these 
derivatives were rarely seen. After the 
30th day subsequent derivatives of the 
end cell divided in an irregular manner. 
Ultimately, an elongated clump of dis- 
tended cells was formed, comprising the 
only “thallus” seen in these gameto- 
phytes throughout the experiment. From 
the small size of the cell mass, attained 
over a period of 4 months, it is unlikely 
that the lineage from each derivative of 
the end cell was more than a single cell 
(fig. 10). 

The appearance of these retarded 
gametophytes is unlike that commonly 
described for gametophytes whose juve- 
nile stage has been prolonged by subjec- 
tion to a variety of other abnormal con- 
ditions, particularly those of light (4, 10). 
These latter filaments are almost always 
attenuated, branched, and usually pro- 
duce antheridia. None of these character- 
istics was seen in the present gameto- 
phytes; they formed no sex organs, were 
never branched, and the cells, as already 
indicated, were not attenuated. 

GAMETOPHYTES GROWN AT 10 MG./L.— 
These gametophytes showed two inter- 
esting types of peculiarities, the first of 
which concerns the position of the meri- 
stem. Although every gradation between 
the apical and lateral position of the 
meristem primordium is found among 
ferns with cordate prothallia (6), the 
prothallium of P. longifoiia typically de- 
velops from a lateral meristem. 

Development of the untreated gameto- 
phytes conformed to the usual type of 
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development of P. longifolia as described 
by GoEBEL (6, p. 204): “The surface of 
the prothallus which first develops from 
the germ-thread becomes at once the one 
wing, and the meristem which forms the 
vegetative point of the prothallus comes 
thereby to occupy a lateral position, and 
underneath it the second wing of the 
prothallus shoots out. Figure 150 ex- 
hibits this process in Pteris longifolia. 
Here it will be seen that a one-layered 
cell surface is formed first of all from the 
germ-thread without the aid of an apical 
cell, and the anticlinal walls diverge at 
the apex. .... The intensity of the cell 
multiplication remains strongest at a 
lateral position on this cell surface, and 
there is the meristem in which often a 
two-sided apical cell is visible.” In all the 
untreated plants observed in the present 
study, the meristem always arose lateral- 
ly on the first formed wing (fig. 7). 

Gametophytes treated with 10 mg./I., 
on the other hand, consistently formed 
their meristem apically. In this respect, 
these prothallia conformed to similar 
stages described for Pleridium aquilinum 
(14) and Onoclea struthiopteris (5, 14), in 
which the meristem typically lies in the 
longitudinal axis of the prothallium (fig. 
II). 

Because of the slow rate of cell division 
in treated gametophytes, the segments 
formed on either side of the meristem 
failed to extend beyond the vegetative 
point; thus, these prothallia did not be- 
come heart-shaped (fig. 15). 

The second peculiarity was observed 
in prothallia 51 days old, on which a 
thick cushion consisting of distended, 
loosely arranged cells covered most of the 
ventral surface. In nearly all prothallia a 
prominent, compact tubercle was grow- 
ing within the cushion close to the apex. 


2 Figure 7 of the present paper shows an equiva- 
lent stage to fig. 150 of Goebel. 
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A few prothallia had two tubercles lying 
side by side in the same forward position, 
In other prothallia these masses pro- 
jected above the dorsal surface (fig. 15), 
but for the most part they were confined 
to the ventral surface. 

The tubercles consisted of a large 
number of small, densely cytoplasmic 
cells with large nuclei (fig. 16). The cells 
did not exhibit any correlation but ap- 
peared to have divided at random. The 
entire cell mass was inclosed by the large 
vacuolate cells of the cushion. 

Nearly all prothallia observed were 
without sex organs. Rarely, one or two 
unopened archegonia were seen on the 
cushion. 

GAMETOPHYTES GROWN AT I MG./L.— 
Increase in size at this concentration also 
proceeded at a slower rate than in plain 
ZINZADZE’s solution so that at the time of 
sex-organ formation these prothallia 
were considerably smaller than the con- 
trol plants. Up to the 3oth day, the 
gametophytes followed the usual pattern 
of development and attained the cordate 
shape. Subsequently, the cushion in the 
treated plants became more massive and 
extensive than that formed by the con- 
trols. Sex organs which later appeared on 
the cushion were more numerous on 
treated plants; especially antheridia. 

In plants treated at the 1 mg./]. con- 
centration of ammonium 2,4-dichloro- 
phenoxyacetate, there followed next re- 
newed vegetative activity of the apical 
meristem, first evidenced by a small, 
tongue-like projection lying close to the 
base of the sinus formed by the two 
wings (fig. 14). Elongation of the projec- 
tion proceeded in an upward direction 
accompanied by rapid lateral expansion. 
Thus, in 51-day-old gametophytes the 
meristem was borne at the apex of a 
third wing, usually fan-shaped with 
undulating margins (fig. 12), but some- 


be 
tim 
cyl 
: mit 
It V 
we 
on 


EMBER 


lying 
ition, 

pro- 
fined 


large 
ismic 
cells 
t ap- 
The 
large 


1946] 


times with margins curled to form a 
cylinder. 

The vertical position of this wing per- 
mitted illumination on both sides so that 
it was not surprising to find sex organs on 
both surfaces. In addition, archegonia 
were present on the margin of the apex 
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process were observed, but, by tracing 
cell derivatives, it is clear that marginal 
cells became meristematic, forming a 
plate directly, with no intervening fila- 
mentous stage (fig. 13). Owing to the 
simultaneous activity of many marginal 
cells, the adventitious thalli were 


crowded. 


on either side of the meristem. 


Fics. 15-18.—Fig. 15, prothallium grown at 10 mg./I. solution of ammonium 2,4-dichlorophenoxyacetate, 
showing tubercle in apical region. Fig. 16, longisection of tubercle showing random arrangement of small, 
densely cytoplasmic cells. Fig. 17, transverse section of pinna treated with lanolin mixture of 500 p.p.m. 
2,4-dichlorophenoxyacetic acid, showing grossly enlarged sporangium and receptacle. Fig. 18, pinna of con- 


trol. 


Simultaneously with the formation 
of the third wing in  51-day-old 
gametophytes, secondary prothallia 
were growing from the basal portion 
of the old wings (figs. 12, 13). Each 
of these new growths was intimately 
attached to the old gametophyte by 
means of a broad base, cells of which 
evidently were part of the parent tissue. 
Many of these older cells bore antheridia. 
No initial stages of this regeneration 


Sex organs on plants treated with 1 
mg./l. of ammonium 2,4-dichlorophe- 
noxyacetate were functional, young spo- 
rophytes appearing on most prothal- 
lia in 120-day-old cultures. No irregu- 
larities were observed on primary leaves, 
and such plants were transplanted to 
agar in Petri dishes where they grew well 
for 4 months and gave every indication 
of continuing vigorous growth. In all 
respects these young sporophytes were 
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comparable to those formed at the same 
time on control prothallia. 

TRANSPLANT EXPERIMENT.—Figures 
19-24 show the results of experiments 
made to determine (a) the effect of 50 
mg./l. of ammonium 2,4-dichlorophe- 
noxyacetate on young prothallia not pre- 


I9 


20 


Fics. 19-24.—Fig. 19, prothallium 21 days old 
grown from spore on plain nutrient solution. Fig. 20, 
prothallium grown for 21 days on plain nutrient 
solution, then transferred and grown for 12 days on 
50 mg./l. of ammonium 2,4-dichlorophenoxyace- 
tate. Fig. 21, prothallium grown continuously on 
plain nutrient solution for 33 days. Figs. 22-24, 
reciprocal of experiment shown in figs. 19-21. 


viously treated and (b) the permanency 
of the effect on gametophy tes germinated 
and grown for a period of time on this 
same substance. The methods were the 
same as those previously described, ex- 
cept that the spores were sown on squares 
of glass cloth placed on the upper surface 
of inverted pots instead of directly on the 
pot surface. In this way prothallia were 
easily transferred from one pot to the 
other. 
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Figure 19 shows a prothallium which 
was grown for 21 days on plain Z1n- 
zADz£’s solution. A number of prothallia 
of this age were then transferred to the 
cultures containing 50 mg./l. of am- 
monium 2,4-dichlorophenoxyacetate. Af- 
ter 12 days these gametophytes (fig. 20) 
were compared with those of the same 
age—now 33 days old—which had not 
been transferred (fig. 21). 

It is readily seen that the retardation 
of cell division is not a response in which 
the initial treatment of the germinating 
spore is a necessary condition but that 
the inhibitory action of ammonium 2,4- 
dichlorophenoxyacetate is similarly ef- 
fective on later stages of prothallial de- 
velopment. 

In the reciprocal experiment, spores 
were germinated and grown on cultures 
containing 50 mg./1. of the salt. After 21 
days the minute filaments (fig. 22) were 
transferred to plain ZINZADZE’s solution. 
Within 3 or 4 days the apex of the game- 
tophytes had broadened considerably, 
and at the end of 12 days the two wings 
were well established (fig. 23). During 
this 12-day period the gametophytes 
which had remained in contact with the 
nutrient solution containing the growth- 
regulating substance showed no appreci- 
able increase in size (fig. 24). 

Renewed meristematic activity of 
transplanted prothallia was also observed 
in the tuberculate plants resulting from 
the 10 mg./l. treatment. A number of 
these gametophytes were transplanted to 
agar plates in an effort to induce further 
growth of the tubercles. Instead, ger- 
minal filaments soon emerged from mar- 
ginal and inner cells of the thallus. These 
filaments formed the usual spatulate 
lobe, developed a meristem, and became 
cordate. The original prothallia died. 

It is apparent from the regenerative 
growth of the transplanted prothallia 
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that the inhibitory activity of ammoni- 
um 2,4-dichlorophenoxyacetate does not 
persist once the plants are removed from 
actual contact with the effective solu- 
tion. This behavior is not wholly un- 
expected when one considers that each 
cell of the thallus is potentially capable 
of reproducing a new prothallium and 
that the amount of the substance in a 
single cell at any one time must be ex- 
ceedingly small. The derivatives of such 
a cell, having once succeeded in dividing, 
would then rapidly become removed 
from the influence of the residual sub- 
stance. 


SPOROPHYTE 


Applications of lanolin mixtures and 
aqueous solutions were made at the basal 
portion of the petioles, usually below the 
first pinna, at the time the leaves had 
unfolded about one-half their ultimate 
length. The mature plants at this time 
were producing leaves 40 cm. or more in 
length, while the leaves of the young 
potted plants were rarely 15 cm. long. 
Applications on the mature plants were 
at 500 and 1000 p.p.m.; the young plants, 
in addition to these concentrations, were 
treated with 125, 250, and 2000 p.p.m. 

GROSS REACTIONS.—-Within 24-48 
hours after treatment the petioles at 
various distances from the point of ap- 
plication showed pronounced downward 
bending, except at a concentration of 125 
p.p.m. at which there was no reaction. 
As the croziers slowly unrolled, the peti- 
oles continued bending in one direction 
or another until the full length of the leaf 
was attained. In all cases the final length 
was less than that of the controls. 

Reactions of the pinnae were pri- 
marily characterized by a failure to 
unfold completely (fig. 25d). For a period 
of 3 or 4 weeks after treatment the pin- 
nae slowly continued to unroll and ex- 


pand, after which they persisted in one 
or another of the stages of unfolding. 
Retardation in this respect was greatest 
in the uppermost (i.e., the youngest) 
pinnae and decreased basipetally to the 
pinnae which were fully expanded at the 
time of treatment. These latter pinnae 
exhibited no effects from the treatments. 

Intensity of responses appeared to be 
related more to the relative age of leaves 
at the time of application than to con- 
centrations used. In preliminary experi- 
ments numerous applications were made 
on leaves of similar ages, and the inten- 
sity of responses showed considerable 
variation in which the most marked re- 
actions were not always associated with 
the highest concentrations used (figs. 
25a, b, c). Responses were more rapid to 
aqueous solutions than to the lanolin 
niixtures. 

HISTOLOGICAL REACTIONS.—-Several 
days after the curvatures of the petioles 
appeared, the leaves became unusually 
inflexible, the young pinnae and young 
portions of the petioles acquiring a 
brittle quality. Although mature peti- 
oles of P. longifolia possess a natural 
toughness because of the thick-walled 
epidermis and the several layers of thick- 
ened outer cortical cells, newly differen- 
tiated parts of the petiole are supple. 

Transverse sections of these young 
parts showed that the subepidermal 
layers of the cortex were already consid- 
erably thickened, hence more mature 
than comparable tissues of the control 
plants. Tertiary thickening of the meta- 
xylem elements also occurred earlier in 
the treated plants, but this was evident 
only in a small number of elements sur- 
rounding the invaginated phloem in the 
arms of the horseshoe-shaped stele. The 
most pronounced thickening of the vas- 
cular elements occurred in the treated 
basal portions of petioles of mature 
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plants; especially where the aqueous 
solution of ammonium 2,4-dichlorophe- 
noxyacetate was used. 

Aside from the early maturation of 
these tissues, and a slightly greater thick- 
ening of all the cortical and stelar tis- 
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pletely unfolded and the indusium was 
still closed. By the use of a hypodermic 
syringe, a thin, uniform thread of the 
lanolin mixture of the acid (500 p.p.m.) 
was laid along the indusium on one side 
of the pinna. The indusium on the other 


Fic. 25.—Fig. 25A—D, leaves 30 days after treatment with ammonium 2,4-dichlorophenoxyacetate: A, 
control; B, 500 p.p.m.; C, 2000 p.p.m.; D, 1000 p.p.m., leaf of mature plant showing marked failure of pinnae 
to unroll. Fig. 252, terminal pinnae 14 days after unilateral treatment: /eft, lanolin mixture of 500 p.p.m. 


2,4-dichlorophenoxyacetate. 


sues, no other histological irregularities 
of the petioles were evident. There were 
no secondary outgrowths, tumors, pro- 
liferations, or derangements in the posi- 
tion of the tissues. 

THE SPOROPHYLL.—The terminal pin- 
nae, from which the observations of the 
reactions of the sporangium were made, 
were treated when the pinnae were com- 


2,4-dichlorophenoxyacetic acid; middle, lanolin control; right, aqueous solution of 500 p.p.m. ammonium 


side received no treatment. On a second 
pinna a thin band of the aqueous solution 
of ammonium 2,4-dichlorophenoxyace- 
tate (500 p.p.m.) was painted on one 
indusium with a camel’s-hair brush. 
These treatments were repeated on sev- 
eral plants. 

Within 2 days after application there 
was a marked epinasty of the treated 
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halves of the pinnae. By the 4th day the 
pinnae treated with the aqueous solution 
showed a spiral twisting along the axis of 
the treated indusium. Similar but less 
pronounced responses followed the appli- 
cation of the lanolin mixture. In pre- 
liminary experiments pinnae so treated 
persisted in the twisted condition for an 
indefinite time without further gross re- 
sponses. The present material, however, 
was collected at the end of 14 days (fig. 
25¢). 

Histologically, the pinnae were little 
afiected by the growth-regulating sub- 
stance. Transections showed enlarge- 
ment of cells of the upper epidermis as- 
sociated with the curvatures on the 
treated side of the blade, and there was 
also some derangement of the palisade 
layer accompanying this same response. 

In contrast to the inactivity of the 
pinna in general, the quantitative re- 
action of the sporangia and receptacle 
was very striking. It was characterized 
by pronounced cell enlargement which 
resulted in the growth of these structures 
to more than twice their usual size. 

The receptacle of P. longifolia is not 
prominent, being only slightly elevated 
above the plane of the lower epidermis. 
The receptacle beneath the treated in- 
dusium, however, became a rather mas- 
sive structure which protruded well be- 
yond the epidermis (fig. 17). The recep- 
tacle on the untreated side of the pinna 
was relatively unaffected (fig. 18). 

A comparison of figures 17 and 18 also 
shows that the sporangia beneath the 
treated indusium were markedly af- 
fected and that the cells of these sporan- 
gia, particularly those of the stalk and 
tapetum, exhibited the same swollen 
condition as the receptacular cells. Al- 
though the sporangia and receptacles are 
meristematic up to the time the indusium 
is fully open and the sporangia are ma- 


ture, these organs were not stimulated to 
proliferate. The number of cells compris- 
ing the receptacle, and especially the 
sporangia, were always consistent with 
the particular stage of development in 
which they were observed. 


Discussion 


The results of the experiments on the 
gametophytes show that the primary 
and general effect of ammonium 2,4- 
dichlorophenoxyacetate was inhibition 
of growth. This effect was essentially the 
result of the retardation of cell division 
with little or no effect upon cell enlarge- 
ment. In contrast to the behavior of the 
sporophytes, the quantitative responses 
of the prothallia were directly correlated 
with the concentration of the effective 
substance. Thus, at 50 mg./|. retardation 
was so great that no plate was formed, 
whereas at 1 mg./]. the gametophyte de- 
veloped into a heart-shaped prothallium 
with functional sex organs. 

Aside from the obvious inhibitory ef- 
fect on growth of the gametophy tes, it is 
less apparent whether the unusual struc- 
tures observed on the prothallia were the 
result of the direct influence of am- 
monium 2,4-dichlorophenoxyacetate or 
whether these growths were secondary 
responses resulting from other causes. 

For example, it is not certain whether 
the tubercles which appeared on prothal- 
lia grown at 10 mg./l. were apogamous 
embryos whose differentiation was un- 
organized due to the influence of the 
growth-regulating substance or whether 
they were gall-like masses resulting from 
proliferation of the cushion cells. 

Herm (8) has described certain projec- 
tions from the cushion of Doodya caudata 
from which apogamous_ sporophytes 
arose, and the internal appearance of 
these structures as figured by him bear a 
resemblance to that of the present tuber- 
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cles. In the case of Doodya, however, the 
sporophytic nature of the projections 
was confirmed at a relatively early stage 
by the development of tracheids, later 
followed by the formation of the apices 
of the leaf, stem, and root of the embryo, 
which then grew in a normal manner. 

Usual evidences of apogamy in ferns 
(15), such as the formation of tracheids, 
or hairs surrounding the embryo, were not 
present in the treated prothallia, and the 
cell masses as seen in longitudinal and 
transverse sections were not recognizable 
embryos. In addition, transplants made 
to induce further growth of the tubercles 
failed. It does not appear likely that the 
tubercles were sporophytic. 

The renewed activity of the apex of 
prothallia grown at 1 mg./1. also suggests 
the possibility of secondary formative in- 
fluences. It is well known that the game- 
tophytes of the leptosporangiate ferns 
are much more plastic than the sporo- 
phytes and that relatively minor altera- 
tions of the environment of the prothallia 
induce profound form changes. 

In this connection it is interesting that 
the outgrowth of the apex in the treated 
prothallia is strikingly similar to that 
obtained by ALBAUM (1) in young pro- 
thallia which were changed from their 
nearly vertical position to a horizontal 
one. Following the reorientation, the 
apex in these prothallia began to grow 
upward toward the source of light, and 
there was ultimately formed a third wing 
similar to that shown in figure 12. It is 
not to be inferred, however, that the 
apical outgrowths in the treated prothal- 
lia necessarily originated in this same 
manner, since their position relative to 
the source of light was not experimental- 
ly altered. 

The curvatures of petioles and pinnae 
following treatment of the leaves of P. 
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longifolia indicate that the reactions of 
the sporophyte of this fern to 2,4- 
dichlorophenoxyacetic acid not 
markedly different from those of various 
angiosperms that have been similarly 
treated. 


In the first report of the activity of 
this substance on plants, ZIMMERMAN 
and Hitcucock (17) designated as a gen- 
eral type of response “the negative cur- 
vatures of stems and leaves, i.e., re- 
sponses involving cell elongation.”’ Sub- 
sequent studies by these investigators 
and others have shown that distorted 
growth of stems and leaves is readily in- 
duced in many angiosperms by applica- 
tions of 2,4-dichlorophenoxyacetic acid 
and is one of the first conspicuous effects 
of such treatments. In the same paper, 
ZIMMERMAN and Hircucock described a 
second type of effect—‘‘morphogenetic 
activity.’’ This term was used to refer to 
“modifications of organs which involved 
responses other than curvatures due to 
cell elongation.” Except for the modifica- 
tion of sporangia, which was basically 
the result of cell enlargement, this second 
type of response was strikingly absent in 
the treated sporophytes. The tissues of 
the leaves were relatively unafiected by 
the applications of 2,4-dichlorophenoxy- 
acetic acid or its ammonium salt and 
were quite insensitive to the formative 
influences of this substance. The re- 
sistance of the sporophyte of P. longifolia 
to histological modification when treated 
with 2,4-dichlorophenoxyacetic acid is 
not unique but serves as another example 
emphasizing the selective action of this 
substance. 


Summary 


1. Spores of Pieris longifolia were ger- 
minated and the gametophytes were 
grown uninterruptedly with Z1nzapzk’s 
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solution containing 0, 1, 10, and 50 mg./I. 
of ammonium 2,4-dichlorophenoxyace- 
tate. 

2. Spore germination was not adverse- 
ly affected either in time or in percentage 
by the presence of the growth-regulating 
substance. 

3. The smaller size of treated gameto- 
phytes was due to the smaller number 
of cells comprising them and not to the 
size of the cells. The intensity of retarda- 
tion of cell division was proportional to 
the concentration of the ammonium salt 
used. 

4. Treatment at 10 mg./1. resulted in 
the formation of the meristem primor- 
dium in the apical instead of the usual 
lateral position. These prothallia did not 
become heart-shaped and rarely pro- 
duced sex organs. 

5. Fifty-one-day-old gametophytes 
growing at 10 mg./1. exhibited tubercles 
consisting of small, densely cytoplasmic 
cells in random division within the mas- 
sive cushions. 

6. Prothallia growing at 1 mg./I. 
showed renewed vegetative activity of 
the meristem to form a third wing. 
Simultaneously, secondary  prothallia 
were growing from the basal portion of 
the old prothallial wings. Functional sex 
organs were more abundant on the pro- 
thallia grown at this concentration than 
on the controls. 


7. Young prothallia grown for 21 days 
on plain Z1NzApDzE’s solution made no 
appreciable growth after being trans- 
ferred to a culture containing 50 mg./I. 
of ammonium 2,4-dichlorophenoxyace- 
tate. Conversely, gametophytes which 
were germinated and grown for 21 days 
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on the latter culture showed a rapid re- 
covery to normal growth after being 
transferred to plain ZINzADzE’s solution. 
Tuberculate prothallia transferred from 
10 mg./l. cultures to agar plates quickly 
produced secondary prothallia which 
were normal in all respects. The tuber- 
cles made no further growth. 

8. Leaves of young and old sporo- 
phytes of P. longifolia were treated with 
lanolin mixtures of 2,4-dichlorophenoxy- 
acetic acid (500 p.p.m.) and aqueous so- 
lutions of the ammonium salt of the acid 
(125-2000 p.p.m.). The petioles showed 
marked curvatures and the unrolling of 
pinnae was retarded. These responses 
were permanent. There was no reaction 
from applications of 125 p.p.m. 

g. Histologically, the applications re- 
sulted in earlier maturation of the peti- 
oles, especially in the outer cortex and 
the metaxylem elements surrounding the 
invaginated phloem. There were no tu- 
mors, proliferations, or derangement of 
the tissues. The responses were more 
marked where the aqueous solutions 
were used. 

10. Unilateral treatment (500 p.p.m.) 
of terminal pinnae resulted in epinasty 
and spiral twisting of these organs. Be- 
neath the treated indusium, the recep- 
tacle and sporangia were grossly enlarged 
due to cellular distension. There was no 
unusual increase in the number of cells 
comprising these structures. 


The writer acknowledges with sincere 
thanks the advice and aid given by 
P. D. Vortu during the course of this in- 
vestigation. 
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THE EFFECT OF INDOLEACETIC ACID UPON INITIATION 
AND DEVELOPMENT OF HYPOCOTYLEDONARY 
BUD PRIMORDIA IN FLAX 


CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 576 


GEORGE K. K. LINK AND VIRGINIA EGGERS’ 


Introduction 


Generally, the normal nondecapitated 
hypocotyl of Linum usitatissimum de- 
velops neither buds: nor a shoot. If it 
does, the buds and shoot are restricted to 
the base of the hypocotyl (2, 6). If de- 
capitated at a suitable time, however, 


This is the third of a series of papers reporting 
the results of studies of hypocotyledonary and epi- 
cotyledonary vegetative buds and wound tissues of 
Linum usitatissimum by GrorGE K. K. Link and 
VircIntA EGGERS which have extended from 1934 to 
date. The work was supported_in part by a grant 
from the Dr. Wallace C. and Clara A. Abbott Memo- 
rial Fund of the University of Chicago. 


the hypocotyl generally develops buds 
abundantly at all levels and, in time, a 
shoot (generally, one only completes de- 
velopment) which substitutes for the 
lost axis (2). In the second paper of this 
series, LINK and EccErs (6) reported 
that, while bud primordia are initiated in 
the lower half of the intact hypocoty] of 
flax, none are initiated in its upper half. 
Following decapitation, however, the 
upper half, too, initiates bud primordia, 
and the lower half probably initiates 
some in addition to those present before 
decapitation. 
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The study reported here was under- 
taken on the assumption that the coty- 
ledons and epicotyl have an inhibitory 
effect on the initiation and development 
of hypocotyledonary bud primordia in 
flax and that this effect is brought about 
by an auxin or by a complex involving 
one or more auxins in proper concentra- 
tion. The decapitated hypocoty] of flax, 
accordingly, was used to test the effect of 
indoleacetic acid in lanolin upon the for- 
mation and development of hypocotyle- 
donary buds when applied to the decapi- 
tation cut. The primordium of a hypo- 
cotyledonary bud of flax is initiated by 
transverse division of an epidermal cell 
without special prior enlargement or in- 
crease in protoplasm of the cell about to 
divide (5, 6). Therefore, it seemed that 
this study might test the effect of in- 
doleacetic acid upon division of a cell— 
without prior enlargement of the cell—as 
manifested in the initiation and in the 
early stages of development of a hypo- 
cotyledonary bud primordium in the up- 
per half of the hypocotyl, as well as upon 
the complex of cell enlargement, cell di- 
vision, and cell differentiation manifested 
in subsequent development and growth 
of the young bud into a shoot. 


Material and methods 


Seed of the Bison strain of L. usitatis- 
simum was planted in quartz sand in 6- 
inch pots watered with the complete 
mineral nutrient solution used by EGGERS 
(3). The plants were grown in the green- 
house, and plantings were made through- 
out the year. Seedlings were thinned so as 
to leave 20-25 plants per pot. Some 
plants were left as uncut controls, but 
most were decapitated directly below the 
cotyledons, generally on the roth day 
after emergence of the seedlings from the 
substrate. The necessary number of de- 
capitated plants was used as untreated 


cut controls, and the others were used 
for treatment with lanolin alone or with 
indoleacetic acid in lanolin in various 
concentrations. The concentrations test- 
ed ranged from 3% indoleacetic acid to 
0.00000012% (4.5 X 1077 molal). In 
preparation of concentration 0.116% in- 
doleacetic acid (6 & 10-3 molal and des- 
ignated 1:1 in this paper), one part of 
saturated aqueous solution of indole- 
acetic acid was stirred into an equal part 
of anhydrous lanolin. From this stand- 
ard mixture higher dilutions were pre- 
pared by addition of proper amounts of 
lanolin. The lanolin alone and the lano- 
lin-indoleacetic acid mixtures were ap- 
plied to the cut surfaces of the hypocotyls 
in sufficient quantity to cap the stumps. 
In some experiments only one applica- 
tion was made; in others they were made 
daily. 

In experiments 1-5, one pot each with 
20-25 plants was used as a test lot, and 
the plants were observed daily. Readings 
were made at definite intervals in terms 
of the number of plants budded and of 
the number of buds per budded plant. 
Results of the former readings are ex- 
pressed as percentages of plants budded 
per test lot; results of the latter, as the 
average number of buds per plant of each 
test lot. 

Variability of individual plants as to 
bud formation and development was 
found to be so great that data were re- 
quired from which the standard error 
(SE) and the value of ¢ could be calcu- 
lated. To this end experiments 6 and 7 
were set up.” In experiment 6 each test 
lot consisted of five pots, each with 
twenty plants, and in experiment 7 each 
test lot consisted of six pots, each with 


2 We are indebted to our colleague Professor Sew- 
ALL Wricut for counsel and advice in setting up 
these tests and for the equations used to determine 
SE and ¢. 
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twenty plants. ‘he value of SE was cal- 
culated according to the equation 
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tion, and upon the development of pri- 
mordia present in the lower half of the 


| 


SE =: 


+ 


in which V is the average number of 
buds per plant in each pot of each test 
lot; 2 is the number of pots in each test 
lot; 2V is the sum of the averages of the 
pots of each test lot; V = ZV/n is the 
average of the averages (V) of the pots of 
each test lot; SV? is the sum of the 
squares of the averages of each pot of a 
test lot; and VV is the product of V 
and =V. The value of ¢ was calculated 
according to the equation 


The values of SE and ¢ were deter- 
mined for various pairs of test lots from 
the data of the next to the last reading 
of experiments 6 and 7. Detailed data 
are given in table 3 and figures 2 and 3 
for experiment 7 only; in this experiment 
the differences noted in bud averages per 
test lot were great enough to be statisti- 
cally significant. 

Counts were made only of the grossly 
detectable buds. If they had been made 
on sectioned material with a microscope, 
the values for buds present would have 
been higher and the intervals after treat- 
ment until buds were first recorded 
would have been shorter. 

Samples of hypocotyls were collected, 
fixed, imbedded, sectioned, and stained 
according to the methods reported in our 
earlier paper (6). The sections were 
studied to determine the effects of the 
application of lanolin and of indoleacetic 
acid in lanolin on the behavior of epider- 
mal cells of the upper half of the hypo- 
cotyl with reference to thescell divisions 
which initiate bud primordium forma- 
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hypocoty] at the time of decapitation and 
treatment. 


Observations and findings 


In the decapitated hypocotyl] of flax 
the initial gross injury (the cut) is 
succeeded by the following train of in- 
jury effects: the decapitated member 
generally guttates for a period whose 
length depends upon the physiologic 
state of the hypocotyl] prior to decapita- 
tion and upon external conditions fol- 
lowing it; it shrinks, evident in decrease 
of its diameter and, at times, even of its 
length; it becomes less green; the cut sur- 
face begins to dry out and becomes 
necrotic, the depth to which the under- 
lying tissues are involved depending 
upon the physiologic state of the hypo- 
cotyl prior to the primary injury and 
upon external conditions following it. In 
vigorous hypocotyls recovery from the 
injury and injury effects attendant to de- 
capitation is marked by prompt reattain- 
ment of the green color and of the di- 
ameter of the predecapitation hypocotyl; 
by early cessation of desiccation and ne- 
crosis of the cut and of the tissues below 
it; by prompt cicatrization of the wound; 
and by slight tumor formation imme- 
diately below the healing surface through 
development of an inner wound tissue 
(interior callus). After this the hypocotyl] 
experiences a limited general diameter 
increase, and, in time, buds become 
grossly evident on most hypocotyls 
(fig. 1D). 

If a hypocoty] succeeds in healing the 
wound promptly and develops a shoot, 
this shoot generally attains only one-half 
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the length of the main axis of a nonde- 
capitated plant, but its blooming lags 
only a few days behind that of the non- 
decapitated plant. Since such a plant 
does not develop the cotyledonary axes 
of the normal plant, even in recovery it 
still is abnormal and pathic in that its 
production of the fiber-bearing members 
and its production of flowers and fruit 
are far behind that of the normal plant. 
The primary injury and its effects leave 
a lasting, irreversible effect even under 
the most favorable circumstances. 

If the hypocotyls are less vigorous 
when decapitated and external condi- 
tions are not favorable, the decapitation 
injury and its effects may terminate 
fatally in many hypocotyls. The older 
the hypocotyl at time of decapitation, 
the greater is the chance of death of the 
pathic hypocotyl. Hypocotyls of plants 
grown in soil are more pathic and die 
more readily than those grown in sand 
and supplied with mineral nutrients. The 
pathic state of a decapitated hypocotyl 
may be brief, ending promptly in death, 
or prolonged, terminating in death only 
alter some weeks. Development of hy- 
pocotyledonary buds and shoots does not 
necessarily insure survival of the injured 
hypocotyl. 

These tests, therefore (as all so-called 
“physiological” tests. with plants which 
experimentally are injured physically 
or chemically as well as all so-called 
“pathological” tests with plants which 
experimentally are injured infectiously), 
are made with plants experiencing, and 
reacting to, an injury—hence, with plants 
in a pathic state. In the decapitated, un- 
treated hypocoty] this state is not com- 
plicated by addition of lanolin or by in- 
doleacetic acid in lanolin. Hence de- 
capitated but untreated hypocotyls were 
run as controls for the decapitated 
lanolin controls. The pathology of the 


decapitated untreated and treated hypo- 
cotyl in recovery, and in failure of re- 
covery, will be described in detail in a 
later paper. 

Table 1 reports some of the results of 
experiments 1-5, which were conducted 
at various times of the year with decapi- 
tated controls, lanolin-treated decapitat- 
ed controls, and with decapitated hypo- 
cotyls treated with various concentra- 
tions of indoleacetic acid. The bud counts 
of these experiments are not given here 
because of their large number. Table 3 
for experiment 7 shows the great varia- 
bility of such data. Table 1 also reports 
the number of surviving plants of experi- 
ments 1 and 2. 

Part of experiment 1 was planned to 
determine whether lanolin alone and in- 
doleacetic acid in lanolin affect hypo- 
cotyledonary bud formation and de- 
velopment in decapitated hypocotyls of 
flax and to give a clue as to the maximum 
concentration of indoleacetic acid usable. 
It was found that one treatment with (a) 
3% or 1% indoleacetic acid completely 
inhibited bud formation for the period of 
bud readings from April 27 to May 16; 
(b) 0.3% or 1:1 (0.116%) indoleacetic 
acid produced temporary inhibition, the 
former concentration producing the 
longer inhibition; (c) 1:2 (0.058%) in- 
doleacetic acid produced no inhibition 
at all. In addition to their effects upon 
bud formation, concentrations 3%, 1%, 
and 0.3% produced pathic changes such 
as temporary blanching of the hypocoty] 
and excessive swelling directly below the 
site of application (fig. 1B). Further- 
more, these pathic effects terminated 
fatally. Thus in experiments 1 and 2, one 
month after the last bud count, 99%, 
100%, and 70%, respectively, of the 
plants treated with 3%, 1%, and 0.3% 
indoleacetic acid had died. These lethal 
effects are similar to the herbicidal effects 
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TABLE 1 


EFFECTS OF LANOLIN AND INDOLEACETIC ACID UPON BUD FORMATION 
BY DECAPITATED HYPOCOTYLS OF FLAX AND UPON THEIR SURVIVAL 


daily 


Experi- af plant i 
Kind of treatment Response of hypocotyl 
iE Planted 4/15 | Decapitated Buds on 6th day 100% alive 
Up 4/19 , lanolin 100% “ 
Treated 4/21 . , 3% indoleacetic acid | No buds on roth day 99% dead 
Read 4/27, 4/29 »1% 100% “ 
5/2, 5/4, 5/9, 5/16 | No buds on 14th day; 10% “ 
buds on 19th day 
° ,1:1 (0.116%) “ No buds on 6th day; 100% alive 
| buds on 8th day 
| | Buds on 6th day 
Bs | Planted 4/26 | Decapitated Buds on 6th day 100% alive 
| Treated 5/6 | © , 1% indoleacetic acid | No buds on 19th day 100% dead 
| bey 14 | 103% . 100% “ 
| 5/16,5/18, 5/20 | BE No buds on roth day; 100% alive 
| 5/23, 7/11 | buds on 12th day 
Buds on 6th day 100% “ 
Bivdis:d | Planted 5/20 | Decapitated Buds on sth day 
Up 5/24 , lanolin 
Treated 6/3 | 1:1 indoleacetic acid | No buds on 14th day; buds on 21st day 
Janolin and indole- | No buds on r2th day; buds on 14th day 
acetic acid No buds on 7th day; buds on roth day 
| Read 6/8, 6/10, | ‘5 s1632 % No buds on sth day; buds on 7th day 
6/13, 6/15, 6/24, »1:64 Buds on 5th day 
7/5 , ,1:128 : No buds on sth day; buds on 7th day 
er Planted 9/19 | Decapitated Buds on 7th day 
Up 9/25 | « , lanolin _. | Buds on 7th day 
| Treated 10/4 . , 1:1 indoleacetic acid | No buds on 20th day 
| Read 10/11, 10/13, . 1332 ‘ Buds on 7th day 
| 10/15, 10/17 "1:64 “ 
/ 
| 10/19, 10/24 ,1:128 to 1:524,288 
inclusive 
eee | Planted 9/29 Decapitated Buds on 17th day 
| T / “ 
| Thereafter one- | : , 1:1 indoleacetic acid 
| half of each lot | — No buds on 26th day 
daily applications | daily . 
| of lanolin and of | once 
| indoleaceticacid | daily 
| Read 10/27, 10/20, | once Buds on 17th day 
10/31,11/2,11/5 | daily No buds on 26th day 
, 1:64 to 1:262,144, 
inclusive once Buds on 17th day 
| “ 
| 
| 


| 
a 


il 


j 


Fic. 1.—All plants, of same age from seed planted in quartz sand April 15, had experienced same cultural 
conditions when severed on May 10, at ground line, for photographing. A, left, representative control plant 
showing hypocotyl, cotyledons, short first internode, longer higher internodes; cotyledonary buds beginning 
to develop into axes. All axes began to flower June 7; buds in leaf axils also had then become grossly detect- 
able. Note that hypocotyl in 4 is longer than those of B, C, and D. Sets B, C, and D are hypocotyls from 
plants decapitated directly below cotyledonary node on April 21 and recut on April 25, the day of treatment 
(experiment 1, table 2). B, treated with 0.3% indoleacetic acid in lanolin; C, treated with 1:1 (0.116%) 


(Legend continued on following page) 
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noted for bean and tomato by Linx, 
Witcox, and Linx (4). All untreated 
controls and all lanolin-treated decapi- 
tated plants alive at the time of treat- 
ment had survived. 

Another part of experiment 1 was de- 
signed to determine the effect of a delay 
of 2 and 4 days in treatment of the de- 
capitated hypocotyls with lanolin and 
with high concentrations of indoleacetic 
acid. The plants were decapitated on 
April 21. One half were not cut again but 
were treated on the 2d and 4th days after 
decapitation. The other half were divided 
into three lots. The first of these was 
treated immediately after decapitation; 
the second, 2 days, and the third, 4 days, 
after decapitation (fig. 1). Presence or 
absence of buds is shown in table 2 for 
the days on which readings were made. 

The results indicate that concentra- 
tions of 3%, 1%, 0.3%, and 0.116% in- 
doleacetic acid were more effective in in- 
hibiting or retarding bud formation if 
applied on the day of decapitation than 
on later days. The acid seemed to be 
equally effective whether applied to a 
new cut or to the old cut surface. 

Concentrations of 3% and 1% in- 
doleacetic acid applied on the day of de- 
capitation completely inhibited bud for- 
mation until the plants died. A concen- 
tration of 0.3% applied on that day de- 
layed it for 18 days, but the plants died. 
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Applied 2 and 4 days after decapitation, 
3% and 1% indoleacetic acid delayed 
bud formation for 13 days. Because of 
the findings of this test, treatment in all 
subsequent experiments was applied on 
the day of decapitation. 

Experiment 2 was a repetition of part 
of experiment 1 with elimination of the 
treatment with 3% indoleacetic acid. 
The results were essentially those ob- 
tained in experiment 1 as to effects on 
budding and on death of the hypocotyl. 

In experiment 3 the hypocotyls were 
treated daily with lanolin and with in- 
doleacetic acid, and higher dilutions 
of indoleacetic acid were used—r1:1 
(0.116%) to 1:128 (0.0009%). The 
plants were grown during the period of 
maximum sunshine (June 3—July 5). In 
addition to verifying the results of ex- 
periments 1 and 2, the data of this ex- 
periment indicate that repeated applica- 
tions of indoleacetic acid in the higher 
dilutions were more effective in produc- 
ing inhibition of bud formation than a 
single application of the same concentra- 
tion. Thus concentration 1: 32 (0.0036%) 
indoleacetic acid applied daily produced 
a 10-day retardation of grossly detect- 
able bud formation, whereas a single ap- 
plication of concentration 1:2 (0.058%) 
in experiments 1 and 2 did not produce 
any retardation or inhibition. 

Experiment 4 was a duplication of ex- 


(Continued from preceding page) 


indoleacetic acid in lanolin; D, treated with lanolin paste and used as controls. Note substitute axes in D; 
when more than one developed, one became dominant. It flowered a few days later than axes of uncut plant 
but was shorter and more slender. Also note additional buds in center plant. Plants treated with lanolin 
immediately and 2 days after decapitation resembled these plants. In other experiments, concentrations of 
0.3% and 1:1 indoleacetic acid, when applied immediately after decapitation, completely and permanently 
inhibited initiation and development of bud primordia and bud and shoot development in upper and lower 
halves of hypocoty). Concentration 1:128 (0.0009%) was highest dilution which significantly retarded bud 
initiation and development (experiment 1, table 3 and figs. 2, 3). Shoots of set C are shorter than those of 
set D. Note club-shaped tumefaction of hypototy] in set B; complete absence of buds in specimen to left and 
increasing numbers of buds scattered along entire length of hypocotyl, as well as small shoots in other 
specimens. These buds did not appear until 14 days after treatment, a delay of 12 days, and then appeared 
only in 30% of plants. These hypocotyls died prematurely, as did those treated with 1:1 indoleacetic acid. 
Note in table 2 that 0.3% indoleacetic acid produced complete and permanent inhibition in hypocotyls 
treated on date of decapitation. 
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periment 3 and, in addition, tested dilu- 
tions of indoleacetic acid up to and in- 
cluding 1:524,288 (0.00000012%). The 
light conditions were not so favorable as 
in experiment 3, but the results were es- 
sentially the same. 

In experiment 5 the effects of one enh 
of daily treatments were tested concur- 
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I~5 indicates that the effectiveness of a 
particular concentration within the max- 
imum range of effectiveness varied slight- 
ly in the different experiments. The time 
of bud appearance in the controls and 
lanolin-treated plants ranged from 5 (3d 
experiment [May 20-July 5]) to 17 days 
(5th experiment [September 29~Novem- 


TABLE 2 


PRESENCE OR ABSENCE OF BUDS FOLLOWING DECAPITATION AND DEFERRED TREATMENT AND 
FOLLOWING DECAPITATION WITH REPEATED CUTTING AND IMMEDIATE TREATMENT 


KIND OF TREATMENT 


| 


Decapitation 4/21; new cut on 


DATE OF | day of treatment 


Decapitation cut of 4/21 


1 Indoleacetic acid | | Indoleacetic acid 
Con- | Lano- |__ | Con- | Lano- | 
trol lin | trol lin | 
1% 0.3% rit | 3% 1% 0.360 rit 
} 4/29) + + | © + | + | 0 o | 
4/25 4/27 | + ° | + | o ° ° 
4/29) + 0 & | | ° ° 
titi 4 [4 | 4 


| 
| 


rently. Light conditions were not so fa- 
vorable as in experiment 4, but the find- 
ings corroborate those of experiments 3 
and 4. In the higher concentrations— 
1:1 (0.116%) and 1:4 (0.029%) indole- 
acetic acid—the single treatment and 
the daily treatment produced the same 
effects. Concentration 1:16 (0.00725%) 
indoleacetic acid showed a differential 
effect, the daily treatments delaying bud 
formation longer than the single treat- 
ment. 


Perusal of the results of experiments 


| 


ber 5]). Plants treated with 1:1 (0.116%) 
indoleacetic acid did not produce buds 
until the 8th day in experiment 1 
(April 27—May 16) and not until the 12th 
day in experiment 2 (May 12-July 11). 
Buds appeared by the 21st day in experi- 
ment 3 (June 8-July 5) in plants treated 
daily with concentration 1:4 (0.029%), 
whereas in experiment 5 the same treat- 
ment held buds back beyond the 26th 
day. In this test, concentration 1:16 
(0.00725%) held back buds past the 
26th day, whereas in experiment 3 this 
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concentration retarded them only 7-9 
days. These results probably indicate 
that the metabolic status of the plant is 
a factor in determining the effectiveness 
of various concentrations of indoleacetic 
acid (2, 3, 6) in affecting bud formation 
and development. 

Some data of experiments 1-5 and of 
other experiments indicated at times 
that lanolin possibly affects the number 
of buds formed. They also indicated that 
treatments immediately after decapita- 
tion and after a lapse of 1-6 hours, re- 
spectively, produced differences in the 
number of buds formed and also that a 
single treatment either immediately after 
decapitation or after some hours on the 
same day produced different results than 
did a series of treatments on successive 
days. 

The data of experiments 1—5 also had 
indicated the possibility that concen- 
trations of indoleacetic acid ranging 
from 1:256 (0.00045%) to 1:524,288 
(0.00000012%) at times increased the 
number of buds formed and developed 
by the treated hypocotyl. To determine 
whether the differences noted in the 
average of buds formed were statistically 
significant, experiment 6 was set up. It 
included the following eleven test lots, 
each comprising five pots with twenty 
plants each: (1) cut, untreated control; 
(2) lanolin, one treatment applied imme- 
diately after decapitation; (3) lanolin, 
one treatment applied 6 hours after de- 
capitation; (4) lanolin, first treatment 
applied immediately after decapitation, 
thereafter daily; (5) lanolin, first treat- 
ment applied 6 hours after decapitation, 
thereafter daily; (6) indoleacetic acid 
1:4096 (0.000028%), one application 
immediately after decapitation; (7) in- 
doleacetic acid 1:4096, one application 
6 hours after decapitation; (8) indole- 
acetic acid 1: 4096, first application im- 
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mediately after decapitation, thereafter 
daily; (9) indoleacetic acid 1: 4096, first 
application 6 hours after decapitation, 
thereafter daily; (10) indoleacetic acid 
1:8192 (0.000014%), one application im- 
mediately after decapitation; and (11) 
indoleacetic acid 1: 16,384 (0.000007%), 
one application immediately after de- 
capitation. This experiment was con- 
ducted from March 7 to April 10. Read- 
ings were made on the 3d, 5th, oth, and 
15th days after buds first had begun to 
appear. Readings of the number of buds 
counted on the oth day were treated sta- 
tistically. No statistical significance was 
found for the differences noted between 
test lots 1 and 2-11, inclusive; 2 and 3; 
4 and 5; 6 and 7; 8 and g; 6 and 8; and 
7 and g. This indicates that the differ- 
ences noted were due to individual varia- 
tion in the flax plants tested and that 
the flax plant and the methods used are 
not suitable to determine whether in- 
doleacetic acid in certain concentrations 
stimulates bud formation and develop- 
ment in the decapitated hypocoty]. 

The preliminary experiments and ex- 
periments 1-5 also had indicated that 
certain higher concentrations of indole- 
acetic acid—1:1 (0.116%) to 1:256 
(0.00045%)—which are not high enough 
completely to inhibit bud formation and 
development, are adequate to reduce the 
number of buds formed per plant. The 
threshold seems to vary with the meta- 
bolic state of the plant. 

Experiment 7 was set up so that sta- 
tistically usable data might be obtained 
to determine the validity of these indica- 
tions. The experiment included the five 
following test lots, each comprising six 
pots of twenty plants each: (1) cut, un- 
treated control; (2) lanolin, one treat- 
ment; (3) indoleacetic acid 1:1 (0.116%), 
one treatment; (4) indoleacetic acid 
1:128 (0.0009%), one treatment; and 
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(5) indoleacetic acid 1 : 4096 (0.000028%), 
one treatment. Lanolin and indoleacetic 
acid were applied immediately after de- 
capitation. Readings were begun 7 days 
after treatment and were made again on 
the gth, 11th, 15th, and 21st days. The 
data obtained on the 15th day were 
treated statistically. Table 3 records the 
data of all readings in terms of percent- 
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age of plants budded and of average 
number of buds per plant. Figure 2 
shows the percentage of plants budded 
and figure 3 the average number of buds 
per plant for all readings. 

Calculation of SE and ¢ showed that 
the differences between the cut, untreat- 
ed control (1) and the lanolin-treated de- 
capitated hypocoty] (2) are not statisti- 


TABLE 3 


VARIABILITY IN RATE OF BUD FORMATION BY HYPOCOTYLS OF FLAX DECAPITATED 
AND TREATED ON FEBRUARY 22 


| 
INDOLEACETIC ACID|INDOLEACETIC ACID 
| DECAPITATED LANOLIN 
DATE OF Por | 
READING 
Plants | Average| Plants | Average} Plants | Average} Plants | Average| Plants | Average 
budded | buds per | budded | buds per} budded | buds per} budded | buds per | budded | buds per 
(%) plant (%) plant (%) plant %) plant (%) plant 
I 23.5 | 0.41 8.6] 0.21 16.6 | 0.25 ° ° ° ° 
2 18.1 0.27 26.3 | 0.36] 33.3 | 0.38 ° ° ° ° 
3 | 0:68 4.76] 0.09 ° ° ° ° 
4 6:08 4-34] 0.04] ° ° ° ° 
5 20.0] 0.20 4.76] 0.14 16.6 | 0.16 ° ° ° ° 
6 21.7 | 0.26 | 10.00} 0.10] 13.6] 0.13 ° ° ° ° 
1-6 17.6 | 0.23 13.1 | 0.22] 16.1] 0.19 ° ° ° ° 
| 2.42 73.9 | 2.21 | 66.6 | | ° ° 
2 92.7 1.95 | 89.4 | 3.21 | *66.6} 2.28| 86.1] 0.86 ° ° 
3 36.8 1.05 81.2 2.37 | 47.6 1.14 5-0] 0.05 ° ° 
4 44.4 1.00 | 82.6 2.65 66.6 2.16 ° ° ° ° 
5 45.0 | 0.95 52.3 1.04 61.1 2.05 ° ° ° ° 
6 47.8 1.00 | 65.0 1.44 59.0 ¥.77 ° ° ° ° 
1-6 49.5 | 1.85 6.6 | 0.08 ° ° 
I 94.1 3.41 1 3.6% 81.5 3-91 68.4 2.78 ° 
2 100.0 | 3.77 | 94.7 | 5.00] 100.0] 3.57 | 100.0] 3.34 ° ° 
3 84.2 2.84 | 93.7 5.62 95.2 2.90] 55.6 1.20 ° ° 
4 83.3 2.331 | | 160.0] 4:22 79.1 2.00 ° ° 
5 89.4 | 3-47 | 90.4 2.66 | 88.8] 3.83 52.1 1.30 ° 
6 91.3 | 3.04] 90.0] 3.35] 86.3 | 3.86] 40.7 1.22 ° 
1-6 gI.5 3.16 | | 4:32] 92:71 3.§6] 65.4 1.94 ° ° 
I 100.0 | 9.23 | 100.0| 7.81] 95.8] 7.08 | 89.4] 3.52 ° ° 
2 100.0 9.40 | 100.0 8.36 | 100.0 7.47 | 100.0 5.60 ° ° 
3 100.0 | 9.26] 100.0] 8.62] 100.0] 4.76 95.0 2.45 ° 
4 100.0 8.88 | 100.0 9.47 04-7 6.05 95.8 3-54 ° ° 
5 100.0} 9.00] 100.0| 6.19 | 100.0 | 6.27 86.3 2.72 ° ° 
6 100.0 7.73 | 168.0; 6.05 1 95-4 7-45 85.1 3.14 ° ° 
1-6 100.0 | 8.88 | 100.0 7.90 | 97.6} 6.55 91.8 | 3.59 ° ° 
I 100.0 | 10.47 | 100.0 | 8.13 | 100.0 | 8.25 89.4 | 3.88 ° ° 
2 100.0 | 10.09 | 1¢0.0 | 9.00] 100.0} 8.70! 100.0] 6.08 ° 
3 100.0 | 10.15 | 100.0] 9.31 | 100.0] 6.29 | 100.0] 3.10 ° ° 
4 100.0 | 10.11 | 100.0 | 10.26 | 1c0.0 | 7.50/] 95.8] 4.58 ° ° 
5 100.0 | 9.80] 100.0| 7.04 100.0] 7.77 | 86.3 | 2.95 ° ° 
6 100.0 | 9.50 | 100.0] 7.60] 100.0] 9.18 | 92.5 | 3-70 ° ° 
1-6 100.0 10.00 | 100.0] 8.55 | 100.0] 7.97 | 94.47, 4.08 ° ° 
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Fic. 2.—Percentage of plants with buds based on counts made March 1, 3, 5,9, and 15, and tabulated in 
table 3. A, cut, untreated control plants; B, decapitated lanolin-treated control plant; C, decapitated plants, 
treated with 1:4096 (0.000028%) indoleacetic acid-lanolin; D, decapitated plants, treated with 1:128 
(0.0009%) indoleacetic acid-lanolin; E, decapitated plants, treated with 1:1 (0.116%) indoleacetic 


acid-lanolin. 
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cally significant; that the differences be- 
tween the lanolin-treated hypocotyls (2) 
and those treated with indoleacetic acid 
1:128 (0.0009%) (4) are highly signifi- 
cant. 

The findings of this experiment corrob- 
orate those of experiment 6 to the effect 
that lanolin treatment produces no 
significant difference in the rate and 
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amount of budding in the treated plant 
as compared with the cut, untreated 
plant; that indoleacetic acid in greater 
dilution than 1:128 (0.0009%) produces 
no significant changes in the number of 
buds formed; and that indoleacetic acid 
1:1 (0.116%) may produce complete in- 
hibition of bud formation. 

When hypocotyls treated with various 
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AVERAGE NUMBER OF BUDS PER PLANT 


Fic. 3.—Average number of grossly detectable buds per plant, based on counts made March 1, 3, 5, 9; 
and 15 and tabulated in table 3. A, B, C, D, and E represent same plants as in fig. 2. Differences between 
A and B, A and C, and B and C on March g are not statistically significant; differences between A and D, 


A and E, B and D, and B and E are. 


126 BOTANICAL GAZETTE 


concentrations of indoleacetic acid were 
examined histologically, it was found 
that, in those instances in which indole- 
acetic acid produces complete inhibition 
of grossly visible buds, the initiation of 
bud primordia in the upper half of the 
hypocoty! is completely inhibited and 
the development of the primordia pres- 
ent in its lower half also is completely 
inhibited. In those instances in which 
formation and development of buds are 
temporarily inhibited and retarded by 
indoleacetic acid, these effects are due to 
temporary inhibition in the initiation of 
bud primordia in the upper half of the 
treated hypocotyl and to temporary in- 
hibition of development of the primordia 
present in its lower half. 


Discussion 


It is evident from the results of the ex- 
periments that indoleacetic acid could 
serve in the intact flax plant as an agent 
in the inhibition of (a) bud primordium 
initiation; (b) development of the pri- 
mordium into a bud; and (c) develop- 
ment of the buds into shoots. Tests to 
determine whether auxins are present in 
the flax plant and whether they are so 
distributed as to serve in inhibition of 
hypocotyledonary bud primordia in the 
intact plant are the subject of researches 
to be reported in other papers. 

VAN OVERBEEK (7) reported that 0.1% 
indoleacetic acid in lanolin applied to the 
decapitated pea plant completely inhibit- 
ed development of the lateral buds. In 
some of our experiments 0.116% in- 
doleacetic acid completely inhibited for- 
mation of hypocotyledonary bud primor- 
dia and of their development into buds 
and, of these, into shoots. Concentrations 
higher than this (ie., 0.3%-3%) also 
inhibited these events, but they also led 
to premature death of the treated organ 
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after stimulating it to excessive tumor 
formation beneath the treated wound. 

Our failure to establish whether any of 
the concentrations of indoleacetic acid 
tested incites or hastens bud primordia 
formation and development of these into 
buds may indicate that, in addition to 
auxins, factors other than indoleacetic 
acid—and not controlled in our tests— 
also play a role in bud primordium initia- 
tion and in bud development. 

The results of our experiments show 
that indoleacetic acid and presumably 
the auxins of the flax plant so affect the 
epidermal cells of the hypocotyl that 
they do not experience the transverse cell 
divisions characteristic of bud primordi- 
um initiation or the subsequent divisions 
and other cell processes characteristic of 
development of the primordium into a 
bud and of development of the bud into 
a shoot. They do not, however, indicate 
how these effects are brought about. 
Presumably they could be affected di- 
rectly or indirectly. 

It is evident that the effects are quite 
definite or specific so far as cell division 
is concerned; while cell divisions charac- 
teristic of bud primordium initiation are 
inhibited, cell divisions involved in for- 
mation or development of wound tissue 
are not inhibited. 

The fact that repeated applications of 
a given concentration of indoleacetic 
acid are more effective than one applica- 
tion in inhibiting bud formation and de- 
velopment indicates that attainment and 
maintenance of a certain threshold 
value is essential for continued inhibition 
of bud initiation and development and 
that the indoleacetic acid applied is used 
up, or inactivated. The fact that a cer- 
tain concentration, unless renewed, in- 
hibits bud formation for only a limited 
time points to the same conclusion. 
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Delay for more than a day in treat- 
ment with a concentration which is in- 
hibitory if applied immediately retards 
but does not completely inhibit bud for- 
mation. This suggests that this given 
concentration of indoleacetic acid more 
readily inhibits the epidermal cell divi- 
sion involved in bud primordium initia- 
tion than it does the processes involved 
in development of the primordium into a 
bud and of the bud into a shoot. 

There are many studies dealing with 
the inhibitory effects of auxins upon the 
development of lateral buds, and several 
theories about the action of auxin in pro- 
ducing this effect, which have been criti- 
cally evaluated by VAN OVERBEEK (7). 
We are aware, however, of only one re- 
port on the effects of auxins upon initia- 
tion of buds which are not mediated by 
callus tissue. Brat (1) reported that 
Lilium harrisii, when decapitated and 
treated on the cut surface with 3% indole- 
acetic acid in lanolin, initiated buds in 
the axils of leaves which normally do not 
bear buds. He described the course of 
events as follows: 

In L. harrisii the region of visible response to 
the treatment is limited largely to the cells of the 
epidermis and outer cortex in the immediate 
vicinity of the leaf axil. The epidermal cells of 
the stem immediately above the axil elongate 
radially, while the outer cortical cells centrip- 
etal to, as well as slightly below, them eniarge 
and in the course of about 5 days begin dividing. 
This marks the initiation of the region at which 
buds will later develop. 


At the time we undertook the experi- 
ments reported here, we entertained the 
hypothesis that a range of concentration 
might be found which would stimulate 
the epidermis of the decapitated flax 
hypocotyl] to initiate buds. For a time, 
as pointed out above (5), it seemed as 
though we had found, in certain experi- 
ments, concentrations of indoleacetic 
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acid which did produce this effect. Had 
this finding been substantiated, we 
should be dealing with a situation in 
which an auxin (indoleacetic acid) in- 
duces cell division without first inducing 
cell enlargement. Possibly no concentra- 
tion of indoleacetic acid plays a role in 
inciting this train of events. Unfortunate- 
ly, either the great variation in capacity 
of individual hypocotyls to initiate buds, 
or the essentially uncontrolled meta- 
bolic status of our plants, or both, made 
it impossible to obtain statistically sig- 
nificant data bearing upon the question 
of whether indoleacetic acid stimulates 
epidermal cells to divide transversely and 
thus to begin the initiation of bud pri- 
mordia. The findings show clearly, how- 
ever, that a range of concentration of in- 
doleacetic acid exists which inhibits and 
retards the cell divisions which initiate 
buds in the decapitated hypocotyl of 
flax. 

We are not concerned here with the in- 
teresting questions as to whether this 
effect of auxin is brought about directly 
or indirectly and what the mechanism is 
whereby it is brought about. These 
questions will be discussed in later pa- 
pers. 

The findings indicate that an auxinic 
mechanism may be a method whereby 
initiation and subsequent development 
of hypocotyledonary bud primordia are 
controlled in the intact flax plant. Studies 
of the auxinic situation in the intact flax 
plant, and in isolated members of it, in 
its possible relation to bud inhibition will 
be reported on in later papers. 

The finding that for a given concentra- 
tion of indoleacetic acid, in any particu- 
lar experiment, repeated applications are 
more effective than a single application 
may indicate that the auxin applied is 
used up or bound in some way and that 
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repeated applications are essential for 
maintenance of the threshold concentra- 
tions necessary to inhibit bud initiation 
and development. These thresholds seem 
to vary with the metabolic or nutritional 
status of the plant prior to and following 
decapitation and treatment. 


Summary 


1. The decapitated hypocotyl] of flax, 
with its initial injury and the resultant 
injury effects, is in a pathic state during 
the course of the experiments reported 
here. The metabolic status of the hypo- 
cotyl at the moment of infliction of the 
injury, and the external conditions to 
which it is exposed after its mutilation, 
determine to what extent the injury ef- 
fects terminate in recovery and shoot re- 
generation, or in death. 

2. Single or repeated applications of 
lanolin alone to the wound of the decapi- 
tated flax hypocotyl produced no de- 
tectable effects upon survival of the hy- 
pocotyl or upon its initiation and de- 
velopment of hypocotyledonary buds. 

3. Applications of 3% and of 1% in- 
doleacetic acid in lanolin to the decapi- 
tation wound completely and perma- 
nently inhibited bud primordium de- 
velopment in the lower half, and bud pri- 
mordium initiation in the upper half, of 
the hypocotyl. The treated plants died 
earlier than the untreated cut controls, 
as reported earlier for bean and tomato. 


4. Application of 0.3% indoleacetic 
acid in lanolin retarded these bud events 
for a long time. It also led to the prema- 
ture death of most of the treated hypo- 
cotyls Application of 1:1 (0.116%) in- 
doleacetic acid in lanolin led to slight re- 
tardation or to complete inhibition of 
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these bud events, depending upon the 
number of treatments and upon the 
metabolic status of the tested plants. 

5. The lowest concentration of in- 
doleacetic acid noted to retard bud pri- 
mordium initiation and development was 
1:128 (0.0009%). One treatment with 
this concentration in February was more 
effective than repeated treatments in 
May. 

6. While one treatment with 1:16 
(0.007%) concentration of indoleacetic 
acid retarded grossly detectable bud 
appearance for 17 days, repeated treat- 
ment suppressed it completely for 26 
days. 

7. In the higher concentrations, 1:4 
(0.029%) and above, no difference was 
noted in the effect of single as compared 
with repeated treatments. 

8. Under the conditions of the experi- 
ment no concentration was found which 
stimulated bud primordium initiation 
and development. 

g. The findings show that indoleacetic 
acid in lanolin may retard or completely 
inhibit the transverse divisions of epi- 
dermal cells of the hypocoty!] which are 
the first detectable beginning of hypoco- 
tyledonary bud primordium initiation in 
flax. 

10. The greater efficiency of repeated 
applications than of a single application 
of the same concentration of indoleacetic 
acid in inhibiting or retarding these 
events may indicate that the former 
treatment maintains the threshold neces- 
sary for inhibition by replacing auxin 
used up or bound in the hypocotyl. 
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MEGASPOROGENESIS AND DEVELOPMENT OF THE 
EMBRYO SAC OF ALLIUM CERNUUM 


JOHN B. MURPHY 


Introduction 


During recent years much previous 
work on the Liliaceae has been ques- 
tioned. Reinvestigation has, in some 
cases, effected grave changes in the pat- 
tern of the life-story of members of the 
family. The Lilium type of embryo sac, 
established by TREUB and MELLINK (36) 
as a result of their study of Lilium bul- 
biferum, has lately been eliminated be- 
cause of the subsequent reinvestigation 
by BAMBACIONI (1, 2, 3). Investigators 
such as GUIGNARD (11), SARGANT (31), 
CouLTER (7), and MotTTIER (25) had ob- 
served pecularities in the development of 
the Lilium megagametophyte, but con- 
sidered these to be abnormalities and 
failed to investigate them any further. 
BAMBACIONI established that the mature 
embryo sac of L. bulbiferum followed 
the pattern of the Fritillaria type as first 
described in her report on F. persica and 
L. candidum. Coorer (5, 6) suggested 
that the Fritillaria type is probably char- 
acteristic of the whole genus Lilium. 

The present investigation was under- 
taken to make a comparative study of 


megasporogenesis and embryo-sac devel- 
opment in a genus related to Lilium with 
special attention to the type of embryo 
sac and its possible variation from the 
traditional type. An uninvestigated spe- 
cies, Allium cernuum Roth, was consid- 
ered a favorable species for such study. 


Material and methods 


Ovaries were collected at intervals 
over a period extending from June 
through August in the years 1943 and 
1944. They were prepared for sectioning 
by the usual paraffin technique. Some 
were stained with safranin and fast 
green; others were stained with safranin, 
gentian violet, and orange G in clove oil. 
Sections cut at 8 or 10 » were found most 
suitable for study. 


Observations 


DEVELOPMENT OF THE 
MEGASPOROPHYLLS 


Three carpel primordia appear as 
crescent-shaped mounds in the flattened 
area of the flower summit inside the in- 
ner whorl of stamens and alternate with 


129 


130 BOTANICAL GAZETTE 


them. The bases of the primordia grow 
more rapidly than the apices, thus caus- 
ing the megasporophylls to be leaflike in 
appearance, with a broad base and a 
bluntly pointed apex. The subsequent 
growth of the carpels results in syncarpy 
by an inward arching of the three seg- 
ments until eventually the inturned 
margins come in direct contact with each 
other; at the point of contact the carpels 
fuse, forming the style primordium. The 
primordium of the compound pistil 
grows upward, resulting in formation of 
a simple, persistent, threadlike style 
arising from the tip of the ovary. 

The basal portions of the carpels con- 
stitute the ovary. At about the time that 
the style initial begins to elongate, the 
ovule primordia differentiate from the 
inner ridges of the carpellary margins in 
the ovarian portion, thus showing axil- 
lary placentation. 


DEVELOPMENT OF THE 
MEGASPORANGIUM 


The ovule initial appears as a dome- 
shaped mass of cells which arises from 
the placenta at the base of the carpel. 
Periclinal divisions of cells of the hypo- 
dermal layer of the sporophyll result in 
the formation of a mass of nucellar tis- 
sue. The overlying epidermal cells divide 
only anticlinally, thus compensating for 
the enlargement of the nucellus and, at 
the same time, forming a layer of epi- 
dermal tissue. The nucellus develops 
rapidly, and, before the style is very far 
developed, a single hypodermal arche- 
sporial cell is differentiated. Shortly after 
the archesporium is formed, the inner 
integument arises by periclinal cell divi- 
sion as an annular fold of the epidermis. 
The inner integument develops rapidly, 
and, by the time the archesporium is in 
synapsis, the outer integument has also 
appeared and is considerably elongated. 


The integuments grow with greater rap- 
idity than the nucellar tissue and com- 
pletely envelop the ovule before meiosis 
is completed. The inner integument 
varies from three to five rows of cells in 
thickness at maturity and is slightly 
shorter than the outer integument, which 
is seven to nine cell rows thick. Both 
integuments are tightly pressed together, 
but at the time of pollination the cells of 
the integuments contract, resulting in a 
micropylar opening. After the entrance 
of the pollen tube the integuments again 
become tightly pressed together. 

During early stages of the megaga- 
metophyte the ovule undergoes a com- 
plete inversion, resulting in its anatro- 
pous orientation. In the process of anthe- 
sis there is a rapid growth of the chalazal 
tissue, and the funiculus becomes sharply 
curved just below the chalaza; as a re- 
sult, the integuments are inverted and 
lie alongside the stalk of the funiculus, 
with the micropyle directed toward the 
placenta. The integuments reach ma- 
turity shortly before anthesis is com- 
pleted. 


DEVELOPMENT OF THE 
MEGAGAMETOPHYTE 


The archesporium differentiates about 
3 or 4 days before the flowers emerge 
from the bud, which is about the time 
that the floral envelope starts turning to 
its white or rose color. The archesporial 
cell (fig. 1) forms before the initials of the 
inner integument appear and functions 
directly as the megaspore mother cell. 
The megaspore mother cell undergoes 
the first reduction division, resulting in 
two homomorphic dyads (fig. 6). Phases 
of this division are seen in figures 1-6. 
Judging by the few sections found in the 
dyad stage, it may be concluded that this 
stage is very brief. After the first meiotic 
division the micropylar dyad begins to 
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Fics. 1-14.—Camera lucida drawings. In figures 1-9 the micropylar end of megagametophyte is toward 
top of page. Fig. 1, cross-section of megaspore mother cell, early prophase (g50X). Fig. 2, megaspore mother 
cell, synizesis (440X). Figs. 3-5, late prophase, metaphase, and anaphase of heterotypic division (g50X). 
Fig. 6, late stage of dyads. Micropylar dyad beginning to disintegrate (g50X). Fig. 7, two-nucleate megaga- 
metophyte. Micropylar dyad nearly disintegrated (440X). Fig. 8, older two-nucleate stage, nuclei migrating 
to opposite ends of sac (440X). Fig. 9, reconstruction from two sections, four-nucleate stage of megagameto- 
phyte. Micropylar megaspore completely disintegrated (440 X). Fig. 10, transverse section of egg cell (950). 
Fig. 11, orientation of two synergid cells (950X). Fig. 12, cross-section through antipodal cells and heavily 
stained nucellar cell walls (950). Fig. 13, disintegrating antipodal cells and heavily stained chalazal nucellar 
cell walls (950X). Fig. 14, reconstruction from three sections, mature eight-nucleate megagametophyte 
(950X). 
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disorganize, apparently without any 
further nuclear division (figs. 6, 7, 8). 
The chalazal dyad enlarges, forms a new 
achromatic figure, and undergoes a sec- 
ond reduction division, resulting in two 
homomorphic megaspore nuclei which 
migrate to the opposite ends of the cell 
(figs. 7, 8). The cell does not form a cross- 
wall. The binucleate megaspore stage 
lasts relatively long. Both of these 
megaspores take part in the formation of 
the embryo sac, thus placing it in the 
bisporic “Allium type.” The disintegrat- 
ing dyad is still visible at this stage (fig. 
8), although the residue is rapidly being 
digested and assimilated by the sur- 
rounding cells. 

After the second meiotic division small 
vacuoles begin to appear, and the mega- 
gametophyte enlarges to almost twice its 
original size (fig. 8). Both megaspore 
nuclei now divide again, giving rise to 
the four-nucleate stage (fig. 9), two nu- 
clei being oriented at each end of the cell. 
Following this division, the megaga- 
metophyte becomes increasingly vaeuo- 
lated, almost doubling the dimensions of 
the two-nucleate stage (fig. 9). The cen- 
tral portion of the sac is practically one 
large vacuole. The nuclei at each end of 
the sac are side by side in the same plane 
though not touching each other. The 
micropylar nuclei, however, are not in 
the same plane as the chalazal nuclei. 
Figure 9 is a composite of the two planes. 
The disintegrating dyad has been com- 
pletely absorbed by the time this stage is 
reached. The four-nucleate stage is ap- 
parently of short duration Each of these 
four nuclei undergoes a second mitosis, 
resulting in the formation of an eight- 
nucleate megagametophyte. For a short 
while it continues to increase in size, pri- 
marily as the result of vacuolization (fig. 
14). 
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One nucleus migrates from each end of 
the sac toward the central peripheral 
region, where they approximate each 
other (fig. 14). These polar nuclei are 
about equal in size and chromatic den- 
sity. The three nuclei remaining in the 
micropylar end organize into a group of 
three cells (fig. 14). The egg cell is much 
larger than the synergids and is pear 
shaped. The synergid cells (figs. 11, 14) 
are about equal in size and density and 
lie behind the egg. One of the synergids 
seems to disintegrate shortly before fer- 
tilization. 

The antipodals organize into cells and 
form a rather loose mass in the chalazal 
region (fig. 14). In some cases they are 
about equal in size and density and may 
persist throughout the maturation of the 
megagametophyte (fig. 12), but more fre- 
quently they are very small (fig. 13) or 
may even be absent. 

After the orientation of the nuclei the 
megagametophyte grows rapidly to its 
mature size (fig. 14). Cytoplasmic vacuo- 
lation causes most of the cytoplasm to be 
massed at the micropylar end around the 
egg and synergids. A smaller amount of 
dense cytoplasm is gathered around the 
polar nuclei, and a still smaller amount 
lies at the chalazal end surrounding the 
antipodals (fig. 14). Small vacuoles are 
often found between the antipodals and 
the end of the sac (figs. 12, 13). 

The mature megagametophytes ex- 
amined were about 198 w in length and 
98 w in width, being narrow and more 
pointed at the chalazal end of the sac. 
The antipodal region of the protoplasm 
is wedged as a small pocket into the sur- 
rounding tissue (fig. 13). The megaga- 
metophyte is mature about 6-12 hours 
after the opening of the flower, and fer- 
tilization occurs within 3 days after the 
flower bud opens. 
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CHRromosoMEs.—The number of chro- 
mosomes in the megagametophyte was 
determined as eight (fig. 4). 


NUCELLUS 


The nucellar cells adjacent to the 
megagametophyte are somewhat differ- 
ent from the others. As the archesporium 
differentiates, the inner nucellar cells di- 
vide periclinally, forming a distinct 
layer, the walls of which thicken as the 
megagametophyte develops. As the meg- 
agametophyte reaches maturity and its 
nuclei become oriented, the walls of the 
surrounding cells attain their greatest 
thickness at the chalazal and micropylar 
ends. The cells immediately surrounding 
the chalazal end of the megagametophyte 
are distinctly larger, thicker walled, and 
differently shaped than the other nucel- 
lar cells. They are long, blunt at one end, 
and taper toward the megagametophyte, 
which seems to be wedged into these cells 
(figs. 12, 13, 14). The antipodals are gen- 
erally oriented in such a way as to be 
harbored under the pointed ends of these 
projecting cells (figs. 13, 14). The inner 
walls of the nucellar cells surrounding 
the micropylar end of the megagameto- 
phyte are also unusually thick and of 
characteristic shape (figs. 10, 14). The 
walls of the nucellar cells along the rest of 
the megagametophyte are also slightly 
thicker than usual (fig. 14). The wall 
thickening of the nucellar cells surround- 
ing the megamametophyte is noticeably 
diminished after fertilization. 


Discussion 


Although a number of variations have 
been reported in the development of the 
megagametophyte of several species of 
Allium, this investigation shows that 
A. cernuum follows the characteristic 
bisporic Allium type (formerly called the 
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“Scilla type’) as first described by 
STRASGURGER (34) for A. fistulosum. 
This investigation shows, moreover, that 
the chalazal dyad undergoes three suc- 
cessive divisions to form the eight- 
nucleate megagametophyte, whereas the 
micropylar dyad disintegrates without 
further division. ScHURHOFF (33), Mo- 
DILEWSKI (23, 24), and JONES and 
EMSWELLER (16) made similar observa- 
tions in other species of Allium. WEBER 
(37) noted that the megagametophyte 
frequently originated from the micro- 
pylar dyad in many of the species that 
she investigated. MESSERI (22) observed 
that a large number of the megagameto- 
phytes belonged to the monomegasporal 
type. PorTER (28), in a recent descrip- 
tion of A. mutabile Michx., stated that 
the chalazal dyad undergoes another di- 
vision on forming two megaspores of 
which the chalazal one functions. This 
would place the megagametophyte of 
A. mutabile in the normal monosporic 
type. In the present investigation par- 
ticular attention was focused on A. cer- 
nuum for evidence of a similar occurence, 
but no such observation was made. The 
evidence of PorRTER and of MESSERI 
seems incomplete and demands a thor- 
ough reinvestigation. 

Many megagametophytes included 
under the Allium type are reported to 
have less than the usual eight nuclei. 
MEssERI considered it sufficiently com- 
mon in the several species she studied to 
establish a ‘‘seven-nucleate’ Allium 
type. The limitation occurs in the chala- 
zal end of the megagametophyte after 
the four-nucleate stage. No such obser- 
vation was made in this investigation, 
and in every case the megagametophyte 
contained the typical eight nuclei. The 
“egglike” antipodal cells observed by 
MEsSERI in A. subhirsutum and A. 
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schoenoprasum, and by MopILEwskI in 
A. nigrum, were not found in A. cernuum. 
On the contrary, this investigation con- 
firms the report of ELMorE (10) that the 
mature gametophyte shows a more or 
less marked reduction of the antipodal 
apparatus and, in many cases, even a 
complete loss of antipodals. 

There are two synergids in A. cernu- 
um. They are about equal in size and 
density in contrast with the one large 
and one small synergid observed by 
Jones and EMSWELLER in A. cepa, or 
with only the one synergid observed by 
PorTER in A. mutabile Michx. A ‘“‘fila- 
mentous apparatus” in the synergids, as 
reported by MEssERI, was not observed 
in A. cernuum, nor was one of the syner- 
gids hypertrophied, as found in A. cepa 
(16). One of the synergids, however, 
showed rapid disintegration just prior to 
fertilization. The statement of PoRTER 
that the egg and synergid are sister cells 
and that the polar nuclei are also sister 
cells finds no confirmation in this study. 
However, the thick-walled cells of the 
inner nucellus, as reported in A. mutabile 
Michx. (28), are characteristic of A. 
cernuum. 

The author was interested in the the- 
ory that a species of Allium might pos- 
sibly belong to the Fritillaria type as 
described by BAMBACIONI and by CooPER 
for many species of Lilium. Allium 
cernuum does not, however, deviate from 
the usual Allium type. 

A comparative study of megagameto- 
phyte development in other genera of the 
Allium type offers an interesting varia- 
tion. HEatry (13), in Trillium cernuum, 
MCALLISTER (20), in Streptopus roseus, 
and McKenney (21), in Scilla hyacin- 
thoides var. caerules and S. campanulata 
found that the embryo sac develops from 
the micropylar dyad. SVENSSON (35) ob- 
served that the micropylar dyad starts 
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to divide in Lycopsis arvensis but degen- 
erates before the division is completed. 
In S. nonscripta, as described by Hoare 
(14), the micropylar dyad functions and 
the chalazal dyad disintegrates, although 
it first undergoes a division forming an 
“antigone”’ consisting of four nuclei. The 
Alismaceae, as reported by Jouri (15) 
and by DAHLGREN (8, 9), show a reduc- 
tion in the chalazal part of the embryo 
sac, which is commonly six-nucleate. The 
nuclei divide normally up to the four- 
nucleate stage, after which the chalazal 
pair remain undivided and the micro- 
pylar pair divide once again. 

Instead of the three divisions usually 
found in the Allium type, MAGNUS (17) 
observed only two divisions from the 
chalazal megaspore of Podostemon subu- 
latus. Subsequent studies by HAMMOND 
(12), WENT (38, 39, 40), and MAHESH- 
WARI (19) question the existence of a 
Podostemon type. SCHNARF (32) likewise 
questions the megagametophyte de- 
scribed by MAGNus in Dicraea elongata, 
in which he reported one division of the 
micropylar dyad, forming the egg and 
one synergid, and one anticlinal division 
of the chalazal dyad, forming two anti- 
podal cells. MaGnus stated that no polar 
nucleus exists and that consequently 
double fertilization is impossible. 

Pace (26), describing Cypripedium 
spectabile, C. parviflorum, C. pubescens, 
and C. candidum, found that the megaga- 
metophyte was derived from the chalazal 
dyad. She further observed a_four- 
nucleate megagametophyte resulting 
from two divisions with a pair of nuclei 
at each end of the embryo sac. The 
micropylar nuclei form the two synergids 
and the two chalazal nuclei form the egg 
and a single polar nucleus. At the time of 
fertilization one of the synergid nuclei 
takes part in triple fusion. PALM (27) es- 
tablished the “‘Cypripedium type” on the 
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basis of PAcE’s investigation. RUTGERS 
(30), in a criticism based primarily upon 
certain figures in Pace’s work, pointed 
out several weaknesses of the Cypripe- 
dium type. Recent publications by 
PRroSINA (29), investigating C. guttatum, 
and CARLSON (4), in her study of C. 
parviflorum, show that the development 
of the megagametophyte is bisporic and 
of the usual Allium type, with imperfect 
development at the chalazal end so that 
there are usually only five or six nuclei in 
the embryo sac. MAHESHWARI (18), in a 
review of the types of embryo sacs in 
angiosperms, included a complete list of 
the investigations on many other genera 
of the Allium type. 


Summary 


1. The megasporangium of Allium 
cernuum is essentially like that of Lilium. 


2. The archesporium arises directly 
from a hypodermal cell about 3 or 4 days 
before the flowers emerge from the bud. 

3. The megagametophyte is formed 
from the chalazal dyad. The micropylar 
dyad disintegrates without further divi- 
sion. 

4. The chalazal dyad undergoes three 
divisions, resulting in an eight-nucleate 
megagametophyte. 

5. The mature megagametophyte con- 
sists of a large vacuolated egg, two 
smaller synergids—one of which usually 
disintegrates before fertilization—two 
polar nuclei of equal size, and three 
antipodal cells which may or may not 
persist. 

6. The haploid number of chromosomes 
in A. cernuum is eight. 


De UNIVERSITY 
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FLOWER-BUD FORMATION AND DEVELOPMENT 
IN MANGIFERA INDICA’? 


MARGARET J. MUSTARD AND S. J. LYNCH 


Introduction 

Most of the better varieties of man- 
goes (Mangifera indica L.) fail to pro- 
duce good crops every year. In attempts 
to overcome this problem, various cul- 
tural treatments aimed at inducing 
flower formation have been employed 
(1, 3, 8). SEN and Mac rx (6) recently 
determined the time of flower-bud dii- 
ferentiation for one variety of Indian- 
grown mango, the Langra, and empha- 
sized the importance of this knowledge 

' This investigation was conducted by the au- 
thors while both were employed by the University 


of Florida at the Sub-Tropical Experiment Station 
at Homestead, Florida. 


in connection with the problem of irregu- 
lar bearing. SEN (7) has utilized this in- 
formation in preparing a “‘tentative cul- 
tural schedule” as an aid to the more 
regular production of these fruits. 

The present investigation was under- 
taken to determine the time of flower- 
bud differentiation and to study the sub- 
sequent floral development in some 
varieties of mangoes grown in southern 
Florida. 

Material and methods 

Collections of material were made for 
two consecutive years from trees of 
Haden, Brooks, and Cambodiana varie- 
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ties and a turpentine seedling mango. 
These four trees are located on soil of the 
Rockdale series in southern Dade Coun- 
tv. Although different parts of the same 
tree were not always at the same stage 
of development, an effort was made to 
select buds which seemed to be represen- 
tative of the average stage on each date. 
Collections were started the first year, 
on September 10, 1943, and were con- 
tinued at 2-week intervals thereafter un- 
til each tree came into bloom. The fol- 
lowing year the first collections were 
made on September 23 and were con- 
tinued over a similar period. 

The buds were fixed in F.A.A., de- 
hydrated in tertiary butyl alcohol, and 
imbedded in paraffin. Before sectioning, 
the imbedded material was softened for 
1-2 weeks in an alcohol-glycerin mix- 
ture. Sections were made at I0ou. 
Safranin and fast green were used in 
staining the mounted serial sections. 


Observations 


A mature mango inflorescence con- 
sists of a main axis and a number of pro- 
fusely branched secondary axes (fig. 6). 
Each secondary axis, the ramifications 
of such axes, and the pedicels are sub- 
tended by bracts. An individual in- 
florescence may bear as many as four 
thousand flowers (3), of which the ratio 
of bisexual to staminate varies with the 
variety, the bisexual flowers usually be- 
ing in a decided minority. 

Prior to floral differentiation a mango 
bud consists of a cone of meristematic 
tissue surrounded by the outer bud scales 
(fig. 1). The inner bud scales project as 
finger-like protuberances from the sur- 
face of this cone of tissue. The earliest 
indication of floral development (6) is the 
appearance of mounds of meristematic 
tissue in the axils of these inner bud scales 
or bracts (fig. 2). Meristematic areas in 


the axils of the more proximal bud 
scales are usually the first to begin floral 
differentiation. As the season progresses 
and such growing points enlarge, it be- 
comes obvious that each is the pri- 
mordium of a secondary axis (fig. 3). 
Soon these secondary axes give rise to 
outgrowths of tissue (fig. 4) which prove 
to be bracts, in the axils of which other 
small mounds of meristematic tissue de- 
velop. These and subsequently differ- 
entiated growing-points may follow 
either of two courses of development: 
(1) they may differentiate into additional 
axes, thus continuing the ramification of 
the inflorescence; or (2), they may dif- 
ferentiate into floral primordia (fig. 5). 
If such a mound of tissue differentiates 
into another axis, the process is repeated 
until a growing-point is formed which 
differentiates into a flower primordium. 
It appears that the position of such 
growing-points on the _ inflorescence 
governs to some extent their future 
course of development, since the great- 
est degree of ramification occurs in the 
proximal portions of the lower secondary 
axes. 

In order to record these progressive 
stages of floral development as they were 
observed in the sectioned material, a 
method was employed similar to that de- 
scribed by SELL and his co-workers (5). 
The numerical ratings of 1 through 5 
were assigned to each of the progressive 
stages of development shown in figures 
1-5. Using these figures as a basis, it was 
possible to determine and record nu- 
merically the approximate stage of de- 
velopment of an individual bud. Figures 
for the average stage of development 
presented in table 1 were obtained by 
multiplying the number of buds found to 
be at each of these stages by the assigned 
numerical rating, adding the products, 
and dividing this figure by the total num- 
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ber of buds collected on that date. Thus, 
for example, of the five Haden buds col- 
lected on 9/10/43, one was found to be 
at stage 1 (fig. 1) and four at stage 2 
(fig. 2); therefore, the average stage of 
floral development on that date was 
1.8. 

It is evident from table 1 that floral 
differentiation began slightly earlier in 
the Haden, Cambodiana, and Brooks in 
1943 than in 1944; whereas in the tur- 
pentine seedling it seems to have oc- 
curred at approximately the same time 
both years. Such variation is to be ex- 
pected, however, since the time of initia- 
tion of floral differentiation is depend- 
ent upon a combination of environmen- 
tal factors and tree condition. These re- 
sults indicate that by the end of October 
of both years the majority of the termi- 
nal buds studied had shown signs of floral 
differentiation. Between the time of 
flower-bud differentiation and that of 
inflorescence expansion, development 
seems to have progressed without a 
period of dormancy such as is common 
among the deciduous fruit trees of the 
North Temperate Zone. 


Fic. 6.—Mature inflorescence 


TABLE 1 


AVERAGE STAGE OF FLORAL DEVELOPMENT OF TERMINAL MANGO BUDS. INDIVIDUAL 
BUDS NUMERICALLY RATED BY COMPARISON WITH FIGURES 1-5 


Variety Average stage of development 
| | | 
| 9/10/43 | 9/25/43 | 10/9/43 | 10/23/43 | 11/6/43 | 11/18/43 | 12/4/43 | 12/18/43) 12/31/43 
| 

| 
1.8 1.8 2.0 1.0 2.0 2.0 2.0 
Brooks........... 2.0 2.0 2.0 2.2 

9/23/44 | 10/7/44 | 10/20/44] 11/4/44 | 11/17/44| 12/1/44 | 12/13/44] 12/30/44 

1.0 1.0 1.0 1.3 2.0 2.0 2.7 4.0 
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These observations on the time of 
floral differentiation agree closely with 
those made by SEN and MALttk. These 
authors found that it occurs shortly 
after the end of September in the Langra 
mango grown in India. Sturrock (9) 
previously estimated the time of floral 
differentiation as occurring in October 
or early November in some varieties of 
Florida-grown mangoes. His collections 
were too late in the season to determine 
the early stages of differentiation. REECE 
(4) observed a similar lack of dormancy 
between the time of floral differentiation 


and maturation of flowers in Florida- 
grown avocados. 
Summary 

1. Floral differentiation occurred 
shortly before the end of October in the 
four varieties of mangoes studied. 

2. No period of dormancy occurred 
between the time of floral differentiation 
and that of inflorescence expansion. 
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Pure Cultures of Algae: Their Preparation and 
Maintenance. By E. G. PRINGSHEIM. Cambridge: 
At the University Press; New York: Macmillan 
Co., 1946. Pp. xii+119. $1.75. 


For more than a quarter of a century PRINGSHEIM 
has been the leader in study of algae by pure culture 
methods. The extensive series of algae which he has 
isolated include many differing markedly in their 
growth requirements when grown in vitro. In his 
Pure Cultures of Algae he passes along the benefit 
of his long experience in this field of botanical in- 
vestigation. His book is not a laboratory manual of 
the “cookbook” type but is a connected and inte- 
grated running account of how to obtain cultures of 
algae. The reviewer recommends that the person 
wishing to learn about methods of cultivating 
algae should begin by reading this small book from 
cover to cover. By doing this, one gets the concen- 
trated essence of PRINGSHEIM’s long experience and 
thus avoids many pitfalls that would otherwise be 
encountered the hard way. 

The author points out the great advantage of 
preparatory cultures in which one attempts to gain 
an insight into the conditions suitable for the exist- 
ence and multiplication of particular algae. Enrich- 
ment (selective) cultures are especially valuable for 
this purpose, since, by varying the composition of 
the medium, pH, temperature, and other environ- 
mental factors, growth of certain algae in the inocu- 
lum is favored, while growth of other algae is 
checked. Following the chapter on preparatory cul- 
tures there are chapters on media, on methods of 
plating, on isolation by means of micropipettes, and 
on the maintenance of cultures. The concluding 
chapter deals with the general conditions essential 
for growth of members of each of the larger taxo- 
nomic groups of algae. 

There are some books in which one copy in the 
departmental library is sufficient. Here is one in 
which this is not the case; every man who has use 
for it will want a copy in his personal library.— 
GILBERT M. Sita. 


Chromosome Atlas of Cultivated Plants. By C. D. 


DARLINGTON and E. K. JANAKI AMMAL. London: 
Allen & Unwin, Ltd.; New York: Macmillan Co., 
1945. Pp. 397. $2.75. 


The chromosome numbers of some ten thousand 
species of the most useful plants and of their wild 
relatives and ancestors have been assembled in this 
world list. 


In an introduction, consisting of three parts, 
Part I deals with the origin of cultivated plants 
as to (a) the foundations as determined especially by 
von Humpoipt, De CANDOLLE, Darwin, and 
MENDEL; (0) the centers of origin according to VAVI- 
Lov; (c) evolution by cultivation; and (d) the in- 
vention of plant breeding. Part II introduces the 
chromosomes, and Part III covers the use and mean- 
ing of chromosome numbers. 


Next is given an explanation of the catalogue. 
The families of angiosperms follow the order and 
bear the numbers of Hutcuinson’s Families of 
Flowering Plants, with 233 of the 332 families repre- 
sented. Two exceptions to this order are noted. Be- 
cause of their chromosome affinities, the tribes 
Allieae and Agapantheae have been retained in the 
heterogeneous Liliaceae and the Nolanaceae have 
been kept separate from the Convolvulaceae. The 
families of gymnosperms, taken from ENGLER and 
Gitc’s Syllabus der Pflanzenfamilien, follow the 
author’s own order, while the tribes of Pinaceae fol- 
low Hutcutnson’s unpublished classification. Five 
columns are employed in the catalogue. The first 
column is used for the generic and specific names of 
some two thousand genera with more than eleven 
thousand species listed. The second column gives 
the popular names, the third the chromosome num- 
bers, the fourth the author from whose paper the 
numbers are reported, and the fifth column the uses 
to which the plants are put. The catalogue, covering 
about 309 pages, comes next, followed by.a bibliog- 
raphy and by an index to the families and genera. 

No attempt is made to cite all the literature deal- 
ing with chromosome numbers. Where two accounts 
differ in number for the same species, both are 
quoted, apart from certain ancient errors; but, where 
accounts agree, the last important reference only is 
quoted, since from this the earlier counts can usually 
be obtained. 


The book is an important contribution and will 
be highly valuable for teachers and investigators in 


all phases of economic plant production.—J. M. 
BEAL. 
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